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ABSTRACT 
Treavor H. Boyer: Removal of Natural Organic Matter by Anion Exchange: Multiscale 
Experimentation and Mathematical Modeling 
(Under the direction of Philip C. Singer) 
 
Natural organic matter (NOM) is ubiquitous in the aquatic environment and is of 
concern because it impacts engineered and natural processes. For example, during water 
treatment, NOM reacts with chlorine to form disinfection byproducts that may be associated 
with adverse health effects. The conventional water treatment process sequence of 
coagulation, flocculation, clarification, and filtration is the most common treatment approach 
used to remove NOM. Anion exchange treatment, however, has the potential to be more 
effective than conventional treatment. To realize the potential of anion exchange technology, 
an improved understanding of the interactions among NOM, raw water characteristics, anion 
exchange resins, and process operating parameters is required. 
The experimental scale, flow regime, and test water were systematically varied to 
investigate the removal of NOM by anion exchange treatment. Bench-scale batch 
experiments were conducted using synthetic model waters containing NOM isolates and 
commercially available anion exchange resins, including a magnetic ion exchange (MIEX) 
resin. The charge density of the NOM isolates was fundamental to understanding anion 
exchange reactions. Ion exchange was clearly shown to be the mode of removal of NOM by 
anion exchange resins.  
Pilot-scale continuous-flow experiments were conducted using a local raw drinking 
water and MIEX resin. The effective resin dose, which is the product of the resin 
 iv
concentration and the resin regeneration ratio, was identified as the most important process 
operating parameter. The pilot plant study demonstrated that anion exchange treatment could 
be operated more effectively than previously believed. In addition, the pilot-scale 
continuous-flow tests and bench-scale batch experiments gave consistent results. 
A mathematical model describing the removal of NOM by anion exchange in a 
completely mixed flow reactor was developed based upon insights gained from the pilot-
scale continuous-flow study. Model predictions were found to be in good agreement with 
experimental data. The validated mathematical model was used to evaluate the relative 
influence of operating parameters, anion exchange resin properties, and NOM characteristics 
on process performance. The mathematical model was also used to evaluate various 
treatment scenarios.  
This dissertation presents a unified framework for understanding the removal of 
NOM by anion exchange treatment. 
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CHAPTER 1: INTRODUCTION 
 
 
1.1 BACKGROUND 
Natural organic matter (NOM), a ubiquitous component of natural waters, is of 
concern because it adversely impacts water treatment processes. For example, NOM imparts 
taste, odor, and color to raw drinking water (Thurman, 1985), increases chemical 
requirements for oxidation, coagulation, and disinfection (Babcock and Singer, 1979; White 
et al., 1997), reacts with chlorine to form halogenated organic disinfection byproducts 
(DBPs), such as trihalomethanes (THMs), haloacetic acids (HAAs), haloacetonitriles, 
haloketones, haloaldehydes, and halogenated furanones (Christman et al., 1983; Krasner et 
al., 1989; Krasner et al., 2006), fouls membranes (Lee et al., 2004; Yamamura et al., 2007), 
promotes biological growth in water distribution systems (Escobar et al., 2001), and 
facilitates the transport of heavy metals and hydrophobic organic chemicals through natural 
and engineered environments (Chin et al., 1997; Waples et al., 2005).  
The conventional water treatment process sequence of coagulation, flocculation, 
clarification, and filtration is the most common treatment approach used to remove NOM 
(Kavanaugh, 1978; Krasner and Amy, 1995). However, conventional treatment is a generic 
solution to a specific problem. In contrast, anion exchange technology has the potential to be 
a more specific and effective treatment process for the removal of NOM. Therefore, an 
improved understanding of the interactions among NOM, raw water characteristics, anion 
exchange resins, and process operation is required. 
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1.1.1 Chemical Characteristics of NOM 
NOM is a general term used to describe the complex mixture of predominantly acidic, 
variable molecular weight, aromatic and aliphatic organic molecules found throughout 
aquatic and terrestrial environments. This discussion will focus on aquatic NOM due to its 
impact on drinking water treatment. Leenheer and Croue (2003) and Abbt-Braun et al. (2004) 
provide a comprehensive review of aquatic NOM. The chemical characteristics of aquatic 
NOM are directly influenced by the origin of the organic precursor material (see Thurman, 
1985; Krasner et al., 1996; and McKnight and Aiken, 1998). Aquatic NOM is derived from 
both the breakdown of terrestrial plants and as the byproduct of bacteria, algae, and aquatic 
plants. Furthermore, an end-member environment is defined as a water body that contains 
only terrestrially- or microbially-derived organic matter. The Suwannee River in southern 
Georgia is an example of a terrestrial end-member environment. Suwannee River NOM is 
characterized by high aromatic carbon content and is of predominantly lignin origin 
(Leenheer, 1994). Conversely, Pony Lake in Antarctica is an example of a microbial end-
member environment. Microbially-derived NOM, such as NOM from Pony Lake, has a 
higher content of aliphatic carbon and more organic nitrogen than terrestrially-derived NOM, 
which is attributable to carbohydrate, protein, and lipid precursor materials (Leenheer, 1994; 
McKnight et al., 1994).  
Natural waters are often fractionated into chemically well-defined NOM isolates to 
study the effects that NOM properties have on natural and engineered processes (see 
Reckhow et al., 1990; Waples et al., 2005). XAD-8/XAD-4 resin chromatography is the 
standard method for fractionating NOM by both polarity and acidity, i.e., hydrophobic, 
transphilic, and hydrophilic fractions, and acid, neutral, and base fractions, respectively 
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(Leenheer, 1981; Thurman and Malcolm, 1981; Aiken et al., 1992; Leenheer et al., 2004). 
The hydrophobic acid fraction is the operational definition given to aquatic humic substances 
that are retained on XAD-8 resin, i.e., humic and fulvic acids. Hydrophobic acids typically 
account for >50% by mass of aquatic NOM in temperate freshwaters (Thurman, 1985). The 
remaining fraction of aquatic NOM is known as non-humic or polar NOM, and is 
fractionated into transphilic and hydrophilic fractions using XAD-4 resin. Aiken et al. (1992) 
showed that the transphilic fraction of NOM had greater amounts of carboxyl and aliphatic 
carbon and a lesser amount of aromatic carbon compared with the hydrophobic acid fraction.  
Total organic carbon (TOC), dissolved organic carbon (DOC), ultraviolet (UV) 
absorbance at 254 nm (UV254), and specific UV absorbance (SUVA) are several methods that 
are commonly used to characterize both whole water samples of NOM and NOM isolates. 
DOC is defined as the organic carbon concentration of a sample filtered through a 0.45 µm 
pore diameter filter. The DOC concentration is equal to >90% of the TOC concentration for 
most natural waters (Thurman, 1985). UV254 is directly proportional to the concentration of 
aromatic and unsaturated carbon within NOM, and has been shown to be a useful surrogate 
for the concentrations of DOC and THM precursors in raw drinking water (Edzwald et al., 
1985). SUVA is defined as the ratio of UV absorbance at a specific wavelength (typically 
254 or 280 nm, i.e., SUVA254 or SUVA280, respectively) to the DOC concentration, and is 
reported to be strongly correlated with the aromatic carbon content of NOM, the molecular 
weight of NOM, and the formation of THMs and HAAs (Reckhow et al., 1990; Chin et al., 
1994; Kitis et al., 2002; Weishaar et al., 2003). Furthermore, SUVA254 has been shown to be 
inversely correlated with the alkalinity of raw drinking water, i.e., SUVA254 decreases as 
alkalinity increases (Archer and Singer, 2006a), and treatment processes, such as coagulation 
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and ion exchange, have been shown to be more effective in raw waters with a SUVA254 >3 
L/mg·m (Singer and Bilyk, 2002; Boyer and Singer, 2005; Archer and Singer, 2006b).   
Carboxyl and phenolic groups are the two dominant classes of acidic functional 
groups within NOM. Over the pH range of natural waters, the acidity of NOM is 
approximately equal to its carboxyl content. These negatively charged carboxyl groups allow 
NOM molecules to take part in anion exchange reactions, as discussed below. The acidity of 
NOM is typically determined by direct potentiometric titration (Perdue et al., 1980; Ritchie 
and Perdue, 2003; Lin et al., 2005). Ritchie and Perdue (2003) measured the acidity of 14 
NOM samples obtained from the International Humic Substances Society (IHSS) and 
reported the following order of carboxyl acidity: terrestrial fulvic acid > aquatic fulvic acid > 
Suwannee River NOM > aquatic humic acids > terrestrial humic acids. This trend illustrates 
that carboxyl acidity is inversely proportional to molecular weight and aromaticity because 
fulvic acids generally have lower molecular weight and lower aromatic carbon content than 
humic acids (Ravichandran et al., 1998).  
High-pressure size exclusion chromatography (HPSEC) (Chin et al., 1994), 13C 
nuclear magnetic resonance (13C NMR) spectroscopy (Wershaw, 1985), and elemental 
analysis (Huffman and Stuber, 1985) are additional techniques used to characterize NOM. 
HPSEC is used to measure the molecular weight distribution of NOM, while 13C NMR 
spectroscopy and elemental analysis are used to obtain structural data about NOM. Thus, an 
improved understanding of the chemical properties of aquatic NOM provides insight into 
choosing the most appropriate treatment strategies for removing NOM from raw drinking 
waters (see Owen et al., 1995). 
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1.1.2 Removal of NOM by Anion Exchange 
The removal of NOM by anion exchange resins has been studied extensively (e.g., 
Anderson and Maier, 1979; Rook and Evans, 1979; Boening et al., 1980; Brattebo et al., 
1987; Fu and Symons, 1990; Kim and Symons, 1991; Croue et al., 1999a; Fettig, 1999; 
Hongve et al., 1999; Bolto et al., 2002a; Bolto et al., 2002b; Humbert et al., 2005; Humbert 
et al., 2007; Tan and Kilduff, 2007; Cornelissen et al., 2008). Nevertheless, anion exchange 
treatment would benefit from a comprehensive understanding of the interactions between 
NOM, raw water characteristics, anion exchange resins, and process operating conditions. 
Therefore, a brief overview of anion exchange treatment is provided to place this dissertation 
research into the context of previous work.  
The effectiveness of anion exchange treatment for the removal of NOM is influenced 
by the selectivity of anion exchange resins for NOM and the configuration of the treatment 
process. Resin properties, NOM characteristics, and competing inorganic anions have been 
previously shown to influence the affinity of anion exchange resins for NOM (Fu and 
Symons, 1990; Croue et al., 1999a; Bolto et al., 2002a). The configuration of the anion 
exchange treatment process is discussed in the subsequent section. 
Polymer composition, porosity, and basicity are useful properties for classifying 
anion exchange resins. The structural matrix of most anion exchange resins consists of a 
copolymer of styrene or acrylate with divinylbenzene. Polystyrene resins are more 
hydrophobic and absorb less water than polyacrylic resins. As a result, polyacrylic resins 
tend to have a more open structure and higher water content than polystyrene resins (Fu and 
Symons, 1990; Bolto et al., 2002a). The pore structure of anion exchange resins is classified 
as either gel or macroporous. Gel resins are considered to be a homogeneous solid while 
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macroporous resins consist of a porous solid phase with a connected set of liquid filled pores 
(Li and SenGupta, 2000). The classification of an anion exchange resin as either a weak- or 
strong-base resin is determined by the nature of the amine function group, which determines 
the effective pH range of the resin. Weak-base resins contain primary, secondary, or tertiary 
amine functional groups and are most effective under acidic conditions where they tend to be 
protonated. Strong-base resins typically have quaternary amine functional groups and are 
protonated over a wide range of acidic and basic pH values (Helfferich, 1995). Most strong-
base anion exchange resins are used in the chloride form, i.e., the chloride ion is the counter-
ion to the positively charged amine functional group. Thus, polymer composition, pore 
structure, and basicity of the resin will influence the selectivity of anion exchange resins for 
NOM. 
Strong-base anion exchange resins have a greater ion exchange capacity than weak-
base resins at the pH of natural waters. As a result, strong-base resins remove more NOM 
than weak-base resins (Anderson and Maier, 1979; Cornelissen et al., 2008). Accordingly, 
the remaining discussion will focus on strong-base anion exchange resins. In general, 
macroporous polyacrylic anion exchange resins have been shown to remove more NOM than 
other types of anion exchange resins (Fu and Symons, 1990; Bolto et al., 2002a). The 
effective removal of NOM by macroporous polyacrylic resins is attributed to their high water 
content and open structure. In addition, poor removal of NOM by gel-type polystyrene resins 
is believed to be due to size exclusion of NOM by the resin (Fu and Symons, 1990; Croue et 
al., 1999a; Tan and Kilduff, 2007). 
Raw drinking waters and synthetic model waters containing NOM isolates have been 
used to investigate the effect of NOM properties on anion exchange uptake, to compare anion 
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exchange treatment to other physical-chemical treatment processes, and to investigate 
competition between NOM and inorganic anions. Whole water samples of NOM allow for a 
specific water source to be studied in detail, whereas synthetic model waters allow for 
individual NOM properties to be examined under controlled solution conditions. The 
mechanism of removal of NOM by anion exchange resins, i.e., ion exchange versus 
adsorption, influences all aspects of anion exchange treatment, yet the mode of removal is 
inconclusive based on the published literature. For example, using synthetic model waters, 
Fu and Symons (1990) presented evidence that ion exchange was the dominant mechanism 
of removal. However, similar work by Croue et al. (1999a) suggested that a combination of 
ion exchange and adsorption was responsible for removal of NOM. In addition, Cornelissen 
et al. (2008) reported that a substantial portion of the neutral fraction of NOM was removed 
by adsorption.  
The preference of anion exchange resins for various fractions of NOM is also 
inconclusive. For example, several researchers have reported that anion exchange resins have 
the strongest affinity for high charge density, hydrophilic NOM (Anderson and Maier, 1979; 
Croue et al., 1999a; Bolto et al., 2002a), while others have observed greater removal of UV-
absorbing, aromatic NOM (Humbert et al., 2005; Cornelissen et al., 2008). In addition, Tan 
and Kilduff (2007) reported that anion exchange resins preferentially removed NOM with a 
molecular weight of ~1000 Da to the exclusion of both higher and lower molecular weight 
fractions. 
In direct comparison studies, anion exchange treatment has been shown to typically 
remove more NOM than coagulation with aluminum or iron salts (Bolto et al., 2002b; Singer 
and Bilyk, 2002; Boyer and Singer, 2005). However, the physical and chemical properties of 
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the NOM influence the effectiveness of the two treatment processes. For example, 
coagulation preferentially removes high molecular weight, low charge density, hydrophobic 
NOM (Collins et al., 1986; Liang and Singer, 2003), while anion exchange resins have been 
shown to remove a variety of NOM fractions with the exception of particulate NOM (Boyer 
and Singer, 2005; Singer et al., 2007). As a result, the combination of anion exchange pre-
treatment followed by coagulation has been shown to be a very effective process for 
removing NOM. For example, a substantial reduction in membrane fouling has been reported 
due to the removal of a wide range of molecular weight, acidic, and hydrophobic/hydrophilic 
fractions of NOM (Humbert et al., 2007). 
Finally, the anionic composition of a water affects the removal of NOM by anion 
exchange resins. In particular, sulfate has been reported to compete with NOM for ion 
exchange sites, thereby adversely affecting removal of NOM (Anderson and Maier, 1979; Fu 
and Symons, 1990; Tan and Kilduff, 2007). Anion exchange resins typically have a greater 
preference for NOM over chloride and bicarbonate (Anderson and Maier, 1979). The 
competition between NOM and other inorganic anions, such as bromide and nitrate, has been 
investigated to a limited extent (Humbert et al., 2005).  
1.1.3 Magnetic Ion Exchange Treatment 
An innovative process configuration is to apply anion exchange resin as a slurry in a 
completely mixed flow reactor (CMFR), as opposed to the traditional mode of anion 
exchange treatment in a fixed-bed reactor (Brattebo et al., 1987; Kim and Symons, 1991; 
Hongve et al., 1999). An important benefit to using anion exchange resin in a CMFR is that it 
can be used at the beginning of the treatment process for removal of NOM, thereby 
decreasing subsequent downstream chemical requirements. A magnetic ion exchange 
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(MIEX) resin that is designed to be used in a slurry form in a CMFR has been the recent 
focus of anion exchange treatment research. MIEX resin was designed specifically to remove 
NOM from raw drinking water and was developed jointly by Orica Watercare of Victoria 
Australia, the Australian Commonwealth Scientific Industrial Research Organization, and the 
South Australian Water Corporation. MIEX resin is a strong-base anion exchange resin with 
a macroporous, polyacrylic structure in the chloride form. Magnetic iron oxide is 
incorporated into the resin structure to aid in settling. Batch treatment studies have shown 
that MIEX resin removes greater amounts of DOC and UV254-absorbing substances than 
coagulation; MIEX resin removes a wider range of molecular weight and organic acid 
fractions of NOM than coagulation; treatment with MIEX resin substantially lowers the 
demand for ozone and chlorine; and MIEX resin removes bromide, which reacts with 
chlorine and NOM to form halogenated organic DBPs (Singer and Bilyk, 2002; Drikas et al., 
2003; Fearing et al., 2004; Johnson and Singer, 2004; Boyer and Singer, 2005; Humbert et 
al., 2005). Singer and Bilyk (2002) and Boyer and Singer (2005) showed that the removal of 
NOM by MIEX resin increased with increasing SUVA254 of the raw water. As mentioned 
previously, high SUVA waters are characterized by the predominance of hydrophobic NOM 
and low ionic strength, whereas low SUVA waters tend to have more hydrophilic NOM and 
high ionic strength. It is uncertain whether MIEX resin removes more NOM in high SUVA 
waters because the NOM is more hydrophobic or because there are less competing anions, or 
both.  
Although MIEX resin is designed to be used on a continuous-flow basis, most of the 
published literature on the performance of MIEX resin is from batch treatment studies. There 
is less published information on the performance of MIEX resin treatment on a continuous-
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flow basis, and most of that work is from pilot plant studies. Pilot plant studies are valuable 
for verifying that the performance of MIEX resin scales up from batch treatment studies, but 
they are limited with respect to performing controlled experiments. Nevertheless, continuous-
flow pilot-scale studies have shown that the removal of NOM by MIEX resin was highest in 
raw waters that were characterized by a high SUVA and a low sulfate concentration, and that 
pre-treatment with MIEX resin lowered the subsequent coagulant demand (Hammann et al., 
2004; Fonseca et al., 2005; Singer et al., 2007). An advantage of pilot plant studies is that the 
regeneration process can be investigated. For example, Wong et al. (2002) analyzed the 
concentrate from the regeneration of MIEX resin and showed that MIEX resin had a high 
affinity for the hydrophobic acid fraction of DOC, and that MIEX resin removed a wide 
range of molecular weight fractions of DOC.  
Full-scale treatment with MIEX resin has also been evaluated. The results of full-
scale studies have shown that pre-treatment with MIEX resin followed by coagulation was 
very effective at removing a wide range of molecular weight fractions of DOC, and that the 
subsequent coagulation step required substantially lower doses of coagulant than enhanced 
coagulation alone (Morran et al., 2004; Allpike et al., 2005; Warton et al., 2007).  
In summary, pilot-scale and full-scale continuous-flow studies have corroborated the 
results of batch treatment experiments, which illustrate that treatment with MIEX resin is 
very effective for removing NOM and reducing downstream chemical requirements. 
1.2 RESEARCH OBJECTIVES 
The goal of this research was to improve the understanding of the removal of NOM 
by anion exchange treatment through multiscale experimentation and mathematical 
modeling. Multiscale experimentation is defined as varying the system scale, flow regime, 
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and test water. Consequently, bench-scale and pilot-scale studies were conducted, batch and 
continuous-flow experiments were used, and raw drinking waters and synthetic model waters 
containing NOM isolates and select inorganic anions were examined. The mathematical 
modeling work coupled the microscale removal of NOM by anion exchange with the 
macroscale continuous-flow treatment process. The objectives of this research were as 
follows: (1) elucidate the interactions between NOM, inorganic anions, and anion exchange 
resins as they relate to the removal of NOM by anion exchange; (2) evaluate anion exchange 
treatment on a continuous-flow pilot-scale basis and compare to batch treatment results; and 
(3) formulate a mathematical model to describe removal of NOM by anion exchange 
treatment in a CMFR and apply the model to the design of anion exchange treatment 
processes.  
1.3 ORGANIZATION OF DISSERTATION 
This dissertation contains five papers that are in various stages of preparation or 
publication. These papers are presented as Chapters 2 through 6. Chapter 2, published in 
Environmental Science & Technology in 2008, is entitled “Stoichiometry of removal of 
natural organic matter by ion exchange,” and evaluates the removal of Suwannee River fulvic 
acid (SRFA) by five commercially available anion exchange resins, including MIEX resin. 
SRFA was chosen for this work because it is a chemically well-defined aquatic NOM isolate, 
and it has been extensively studied by researchers throughout the world. The charge density 
of SRFA, obtained by direct potentiometric titration, was used to show that ion exchange is 
the operative mechanism of removal of SRFA by the anion exchange resins. Supporting 
Information for Chapter 2 is presented in Appendix A.  
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Chapter 3, submitted to Environmental Science & Technology in 2008, is entitled 
“Removal of dissolved organic matter by anion exchange: Effect of dissolved organic matter 
properties,” and expands upon the work in Chapter 2 by evaluating the removal of ten aquatic 
NOM isolates by MIEX resin. All NOM isolates were clearly removed by ion exchange. 
However, differences in the chemical properties of the NOM isolates, notably their charge 
density and aromatic carbon content, influenced their removal by MIEX resin. Supporting 
Information for Chapter 3 is presented in Appendix B. Chapter 3 is currently under review. 
Chapter 4, published in Water Research in 2006, is entitled “A pilot-scale evaluation 
of magnetic ion exchange treatment for removal of natural organic material and inorganic 
anions,” and describes the results of an eight-month pilot-plant study conducted at a local 
water treatment plant in North Carolina. The continuous-flow pilot-plant study confirmed the 
results of previous bench-scale batch experiments that showed that MIEX resin effectively 
removes NOM from raw drinking waters, and defined the process operating conditions that 
influence performance.  
Chapter 5, published in Water Research in 2008, is entitled “Modeling the removal of 
dissolved organic carbon by ion exchange in a completely mixed flow reactor,” and presents 
the formulation and verification of a mathematical model that was developed based upon 
insights gained from the pilot plant study. Model predictions were found to be in good 
agreement with the results of two continuous-flow pilot plant studies.  
Chapter 6 is entitled “Removal of dissolved organic carbon by anion exchange in a 
completely mixed flow reactor: Model applications,” and demonstrates the utility of the 
mathematical model developed in Chapter 5. Non-dimensional analysis was used to show the 
effect of process operating conditions, NOM properties, and anion exchange resin properties 
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on the removal of NOM by anion exchange treatment. Chapter 6 is a draft manuscript 
planned for submission to Water Research.  
Chapter 7 is a summary of conclusions drawn from all components of the research 
that have been or will be published in separate journal articles, and integrates the findings 
into a unified framework for understanding and applying anion exchange for the removal of 
NOM from drinking water. 
CHAPTER 2: STOICHIOMETRY OF REMOVAL OF NATURAL ORGANIC 
MATTER BY ION EXCHANGE1 
 
 
2.1 ABSTRACT 
Five anion exchange resins, including a magnetic ion exchange (MIEX) resin, were 
evaluated for removal of Suwannee River fulvic acid (SRFA) in the presence of bicarbonate 
and chloride. The charge density of SRFA, obtained by potentiometric titration, was used to 
perform charge balances for ion exchange reactions involving SRFA, bicarbonate, and 
chloride under different solution conditions. The results clearly show the equivalence of 
SRFA uptake and chloride release by ion exchange. Although the structure of the anion 
exchange resins did not affect the stoichiometry of the reaction, the polyacrylic resins did 
exhibit greater removal of SRFA than the polystyrene resins. The hindered removal of SRFA 
by the polystyrene resins was hypothesized to be a result of size exclusion. The MIEX resin, 
which has a polyacrylic structure, performed similarly to the other polyacrylic resins. For the 
MIEX resin, the separation factor for SRFA over chloride was ~8 times greater than for 
bicarbonate over chloride. This work provides an improved understanding of the interactions 
between natural organic matter (NOM), inorganic anions, and anion exchange resins, and 
should result in more effective applications of ion exchange for the removal of NOM in the 
treatment of drinking water. 
                                                
1
 Reproduced with permission from Boyer, T.H., Singer, P.C., 2008. Stoichiometry of 
removal of natural organic matter by ion exchange. Environmental Science & Technology 42, 
608–613. doi: 10.1021/es071940n. Copyright 2008 American Chemical Society. 
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2.2 INTRODUCTION 
It is well known that during drinking water treatment, natural organic matter (NOM) 
reacts with chlorine and other disinfectants to form halogenated organic disinfection by-
products (DBPs), e.g., trihalomethanes (THMs), haloacetic acids (HAAs), haloacetonitriles, 
haloketones, halonitromethanes, and haloaldehydes (Krasner et al., 2006). Both short-term 
and long-term health risks have been associated with exposure to tap water that contains 
these and other DBPs, e.g., a recent study by Villanueva and co-workers (2007) provided 
strong evidence that long-term exposure to THMs increases the risk for bladder cancer. 
Consequently, removal of NOM prior to disinfection is a common strategy for minimizing 
the formation of DBPs. Treatment processes used to remove NOM include enhanced 
coagulation, granular activated carbon adsorption, nanofiltration, and ion exchange 
(Jacangelo et al., 1995; Siddiiqui et al., 2000; Bolto et al., 2002b). To quantify the 
effectiveness of these treatment processes, dissolved organic carbon (DOC) is commonly 
used as a surrogate for NOM. Both conventional polymeric anion exchange resins (Anderson 
and Maier, 1979; Fu and Symons, 1990; Kim and Symons, 1991; Croue et al., 1999a; Bolto 
et al., 2002a; Humbert et al., 2005) and a magnetic ion exchange (MIEX) resin (Singer and 
Bilyk, 2002; Drikas et al., 2003; Fearing et al., 2004; Johnson and Singer, 2004; Morran et 
al., 2004; Boyer and Singer, 2005, 2006; Allpike et al., 2005; Singer et al., 2007) have 
previously been evaluated for removing DOC and controlling the formation of DBPs. The 
major difference between these two classes of resins is their mode of treatment, i.e., 
conventional polymeric resins are used in a fixed-bed to treat filtered water, whereas MIEX 
resin is used in a completely mixed flow reactor to treat raw water. Important properties of 
anion exchange resins include polymer composition, porosity, and charged functional groups. 
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The composition of most resins is either polystyrene or polyacrylic. Polystyrene resins are 
more hydrophobic than polyacrylic resins; as a result, polyacrylic resins tend to have a more 
open structure and higher water content. The porosity of resins is defined as either 
macroporous or gel. Macroporous resins are highly porous solids, while gel resins do not 
contain any pores (Fu and Symons, 1990). Strong-base resins typically contain either Type I 
(–N+(CH3)3) or Type II (–N+(CH3)2(C2H4OH)) quaternary ammonium functional groups. Due 
to their ethanolic content, Type II resins are more hydrophilic than Type I resins (Gregory 
and Dhond, 1972).  Most strong-base anion exchange resins are used in the chloride form. 
Among ion exchange resins, polyacrylic, macroporous, strong-base anion exchange 
resins have been shown to be most effective for DOC removal (Anderson and Maier, 1979; 
Fu and Symons, 1990; Bolto et al., 2002a). In addition, previous work by the authors, 
consisting of laboratory-scale batch experiments and pilot-scale continuous-flow studies, 
showed that treatment of raw drinking water with MIEX resin was more effective than 
coagulation at removing DOC and reducing the formation of THMs and HAAs (Boyer and 
Singer, 2005, 2006). A limitation of many previous ion exchange studies, however, was that 
the experiments were conducted using natural waters that were not well characterized. As a 
result, it was difficult to quantitatively assess the impacts of raw water composition, NOM 
characteristics, and anion exchange resin properties on DOC removal. In particular, the 
mechanism of DOC uptake by anion exchange resins, i.e., ion exchange versus adsorption, 
has not been conclusively demonstrated. For example, Fu and Symons (1990) concluded that 
DOC was removed via ion exchange, yet others have shown evidence of both ion exchange 
and adsorption (Croue et al., 1999a). The mechanism of DOC removal is important because 
it influences all aspects of ion exchange treatment. 
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Accordingly, the objective of this research was to elucidate the interactions between 
NOM, inorganic anions, and anion exchange resins. The ternary ion exchange reaction of 
interest was the exchange of NOM and bicarbonate for chloride. The specific aims of this 
work were to quantify the contributions of ion exchange and adsorption to DOC removal and 
to examine the impact of resin structure on DOC uptake. Based upon previous work, the 
initial hypothesis was that DOC is removed by ion exchange. 
2.3 EXPERIMENTAL SECTION 
2.3.1 Model Waters 
NOM-containing model waters were prepared by adding Suwannee River fulvic acid 
(SRFA; reference sample from International Humic Substances Society (Ravichandran et al., 
1998)), sodium bicarbonate (used as a pH buffer), and sodium chloride to laboratory-grade 
water (LGW). Control (i.e., NOM-free) model waters were prepared by adding sodium 
bicarbonate and sodium chloride to LGW. The pH of the model waters was adjusted using 
either 0.1 N NaOH or 0.1 N HCl solutions. Table 2.1 shows the composition of the model 
waters used in this work. Most experiments were conducted using SRFA I and Control I 
model waters. The additional model waters were used to investigate the impact of higher 
chloride concentrations (SRFA II and Control II) and the absence of bicarbonate (SRFA III). 
The DOC concentration in milliequivalents (meq) per liter was calculated as the product of 
the DOC concentration in milligrams carbon per liter and the charge density of SRFA in 
milliequivalents per gram carbon that was determined following published procedures for the 
direct potentiometric titration of NOM (Ritchie and Perdue, 2003; Lin et al., 2005). Briefly, a 
solution containing 300 mg/L NOM and 0.1 M KCl was purged with nitrogen gas for 30 
minutes to eliminate carbon dioxide and then titrated with 0.04 N NaOH solution under a 
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nitrogen atmosphere. The NaOH solution was added in 0.1 mL increments; the pH was 
recorded after each addition of titrant. All samples were titrated up to approximately pH 11.  
The charge density of SRFA was calculated based on the pH measurements and a charge 
balance of the solution as follows: 
NOM
]OH[]Na[]H[C) (meq/gdensity  Charge
C
−++
−+
= ,                                                           (2.1) 
where the concentrations of H+, Na+, and OH– are in milliequivalents per liter and CNOM is 
the NOM concentration of the solution (g C/L) (Lin et al., 2005). Potassium and chloride 
were not included in the charge balance since they were opposite in charge and equal in 
concentration.  
 
TABLE 2.1 Composition of Model Waters 
Model water pH DOC 
(mg C/L)
DOC 
(meq/L) 
Bicarbonate
(meq/L) 
Chloride 
(meq/L) 
CTa 
(meq/L) 
SRFA I 7.70–7.83 9.2–9.9 0.11–0.12 0.43–0.45 0.009–0.038 0.56–0.61
SRFA II 7.49 9.7 0.11 0.43 0.12 0.67 
SRFA III 6.56 11.0 0.12 0 0.097 0.21 
Control I 7.88–8.04 0 0 0.47–0.48 0.008–0.016 0.48–0.49
Control II 7.50 0 0 0.45 0.092 0.54 
a CT = DOC + bicarbonate + chloride. 
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2.3.2 Ion Exchange Resins  
Five fresh anion exchange resins, from three different manufacturers, were used in 
this work: Amberlite IRA910 and Amberlite IRA958 from Rohm and Haas Co., Ionac A-641 
and Ionac Macro-T from Sybron Chemicals Inc., and MIEX resin from Orica Watercare. All 
resins had a macroporous structure, strong-base functional groups, and were used in the 
chloride-form. IRA910 and A-641 are polystyrene resins, while MIEX, Macro-T, and 
IRA958 are polyacrylic resins. The MIEX resin has magnetic iron oxide incorporated into its 
polymer structure to aid in separation; the other resins are conventional polymeric ion 
exchange resins. The ion exchange resins were cleaned and prepared following published 
procedures (Bolto et al., 2002a; Humbert et al., 2005); the MIEX resin did not require any 
preparation. All ion exchange resins were stored in LGW. To accurately dose small 
quantities of resin (~10 mg), the resins were filtered on a Whatman GF/B filter using a 
vacuum filter apparatus and then weighed; this procedure was similar to one devised by 
Boening et al. (1980). The apparent resin density was defined as the mass of filtered resin per 
volume of wet settled resin. The volumetric ion exchange capacity (meq/mL wet settled 
resin) and the moisture content were determined following manufacturers’ recommendations 
and published procedures (Helfferich, 1995). Illustrative properties of the five anion 
exchange resins used in this work are shown in Table 2.2; the experimentally determined 
resin properties agree well with the manufacturers’ specifications. 
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TABLE 2.2 Properties of Ion Exchange Resins  
Resin Structurea  Capacityb (meq/mL)  Water contentb (% (m/m))  
IRA910  Polystyrene, Type II 1.0 (≥ 1.0) 43 ± 6 (54–61) 
A-641 Polystyrene, Type I 0.93 ± 0.02 (1.0) 58 ± 2 (56–64) 
MIEX Polyacrylic, Type I 0.52 ± 0.02 65 ± 1 
Macro-T Polyacrylic, Type I 0.65 ± 0.01 (0.85) 68 ± 1 (66–72) 
IRA958 Polyacrylic, Type I 0.86 ± 0.02 (≥ 0.8) 69 ± 1 (66–72) 
a Macroporous, chloride-form. b Average ± one standard deviation (manufacturer’s data). 
 
 
2.3.3 Ion Exchange Isotherm Experiments 
Bottle-point isotherms were conducted to investigate ion exchange equilibrium. It 
was determined, for both the polyacrylic and polystyrene resins, that two days of mixing was 
sufficient to reach equilibrium. All experiments were conducted at an ambient laboratory 
temperature of 22°C. Briefly, varying amounts of ion exchange resin (5–50 mg) were added 
to sample bottles containing 100 mL of model water and mixed end-over-end at 14 
revolutions per minute. A majority of the ion exchange experiments were conducted using 
duplicate resin doses. Prior to chemical analysis, all equilibrated samples were filtered 
through 0.45 µm Supor-450 membrane filters (pre-rinsed with 500 mL of LGW). As a quality 
control check, there was no observed increase in chloride or DOC after equilibrating the 
resins for two days in LGW. For data analysis, aqueous-phase concentrations were expressed 
in milliequivalents per liter, and resin-phase concentrations were calculated as the difference 
in aqueous-phase concentrations before and after ion exchange equilibrium. The equivalent 
ionic fraction of DOC in solution was calculated by dividing the aqueous-phase 
concentration of DOC by the total aqueous-phase concentration of DOC, bicarbonate, and 
chloride (i.e., CT); the equivalent ionic fraction of DOC in the resin was calculated by 
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dividing the resin-phase concentration of DOC by the dose of ion exchange resin. Equivalent 
ionic fractions for bicarbonate and chloride were calculated in the same manner.   
2.3.4 Analytical Methods  
An Accumet AB15 pH meter with a calomel combination pH electrode was used to 
measure pH. Ultraviolet (UV) absorbance was measured on either a Hitachi U-2000 or U-
3300 spectrophotometer using a 1 cm quartz cell. DOC and dissolved inorganic carbon (DIC) 
were measured on a Shimadzu TOC-VCPH Total Organic Carbon Analyzer. All DOC and 
DIC samples were measured in duplicate with average values reported; the relative difference 
(defined as the absolute difference divided by the mean) between DOC and DIC duplicates 
was <10% and <5%, respectively. The bicarbonate concentration was calculated by 
correcting the DIC concentration for temperature and pH (Stumm and Morgan, 1996). 
Chloride was measured according to U.S. Environmental Protection Agency Method 300.0 
(1999) on a Dionex DX-300 Series Ion Chromatograph equipped with an IonPac AG4A-SC 
guard column and an AS4A-SC analytical column. The relative difference between chloride 
duplicates was <10%. 
2.4 RESULTS AND DISCUSSION  
2.4.1 Ion Exchange Stoichiometry 
The charge density of SRFA as a function of pH was determined by direct 
potentiometric titration in a carbon dioxide-free solution. The titration of SRFA was done in 
duplicate; the agreement between the two titration curves was very good, as shown in Figure 
2.1. The duplicate titration curves were averaged using an interpolation routine in MATLAB. 
The carboxyl acidity (defined as the charge density at pH 8) of SRFA was 11.8 ± 0.1 meq/g 
C. This value is in good agreement with published values for SRFA (e.g., Ritchie and Perdue 
 22
(2003) reported a carboxyl acidity of 12.2 meq/g C for SRFA). The charge density of SRFA 
was used to calculate the DOC concentration on an equivalent charge basis and to 
quantitatively examine the hypothesis that DOC was removed via ion exchange. 
The ion exchange reaction of interest is the equilibration of an anion exchange resin 
in the chloride form with a solution containing DOC, bicarbonate, and chloride. The charge 
balance equation for this reaction is written as follows: 
−−−−−−− +++++=+++ ClHCODOCClHCODOCClHCODOCCl 333 ,                         (2.2) 
where over-bars represent resin-phase species in milliequivalents per gram of filtered resin 
and all aqueous-phase concentrations are in milliequivalents per liter. At equilibrium, for a 
purely ion exchange reaction, the decrease in the aqueous-phase concentrations of DOC and 
bicarbonate must equal the increase in the aqueous-phase concentration of chloride. Figure 
2.2 shows the results of multiple batch equilibrium experiments using MIEX resin and the 
model waters shown in Table 2.1. The y-axis shows the net increase in the aqueous 
concentration of chloride (i.e., equilibrium chloride concentration minus initial chloride 
concentration), while the x-axis shows the net decrease in the aqueous concentrations of 
DOC and bicarbonate together. For duplicate samples, both the mean increase in chloride and 
the mean decrease in DOC and bicarbonate together had a coefficient of variation (CV; 
defined as the standard deviation divided by the mean) of <10%. Due to the substantial 
removal of DOC and bicarbonate, the pH of the equilibrated samples decreased somewhat as 
the resin dose increased. The observed decreases in pH were as follows: 0.02–0.44 (SRFA I 
and II), 0.2–1 (SRFA III), and 0.04–0.5 (Control I and II). To account for the change in pH of 
the equilibrated samples, the DOC concentration (meq/L) was adjusted using the measured 
DOC concentration (mg C/L) and the charge density of SRFA at the appropriate pH; the 
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bicarbonate concentration was adjusted based on the measured DIC concentration and pH. 
The variations in pH did not affect the capacity of the ion exchange resins since all resins had 
strong-base functional groups. The legend in Figure 2.2 indicates the chemical species taking 
part in the ion exchange reaction, e.g., HCO3–/Cl– indicates bicarbonate-chloride exchange. 
The y = x line in Figure 2.2 represents the stoichiometric exchange of chloride on the resin 
for bicarbonate and DOC in the solution. The bicarbonate-chloride exchange experiments in 
the absence of DOC were conducted as a control since it was expected that bicarbonate 
would be removed exclusively via ion exchange. Figure 2.2 shows that all of the data points 
for HCO3–/Cl– are clustered about the y = x line and verifies that bicarbonate was indeed 
removed via ion exchange; the relative difference between chloride release and bicarbonate 
uptake was <18%. Of particular interest, are the data points for the DOC/HCO3–/Cl– 
experiments and the DOC/Cl– experiments. For both systems, the points are also tightly 
clustered about the y = x line; the relative difference between chloride release and 
DOC/bicarbonate uptake was <15%. The results of the DOC exchange experiments mirrored 
the results of the control experiments and clearly show that, at approximately pH 8, SRFA 
was removed entirely by ion exchange. The range of DOC removal observed in these 
experiments was ~5–9 mg C/L (0.06–0.1 meq/L); bicarbonate removal was ~0.01–0.2 
meq/L, indicating that the changes in DOC were comparable to those of bicarbonate. 
To probe the relative contributions of ion exchange and adsorption to DOC removal, 
an ion exchange experiment was conducted using SRFA I model water and a weak-acid, 
magnetic ion exchange (WA-MIEX) resin provided by Orica Watercare. The WA-MIEX 
resin was similar in composition to the MIEX resin described in Table 2.2, but it had no 
anion exchange properties because of its weak-acid cation exchange functional groups. As a 
 24
result, any removal of DOC could only occur by adsorption. After two days of mixing, no 
DOC or bicarbonate removal by WA-MIEX was observed (see Table A1 in Appendix A). 
These results confirm the results illustrated in Figure 2.2 that removal of SRFA occurred 
exclusively via ion exchange. 
Additional ion exchange experiments were conducted with the other resins using 
SRFA I and Control I model waters. Figure 2.3 shows the results of these experiments in an 
analogous fashion to Figure 2.2. As discussed above, the DOC and bicarbonate 
concentrations were adjusted based on the equilibrium pH. For duplicate samples, both the 
mean increase in chloride and the mean decrease in bicarbonate and DOC had a CV of 
<14%. The ion exchange resins are identified in the legend; solid symbols represent 
bicarbonate-chloride exchange in the NOM-free (control) solution, while open symbols 
represent DOC-bicarbonate-chloride exchange. As expected, the bicarbonate-chloride 
exchange data for IRA910 and A-641 illustrate equivalent exchange of chloride for 
bicarbonate; the relative difference between chloride release and bicarbonate uptake was 
<6%. All of the data for the DOC-bicarbonate-chloride system in Figure 2.3 are tightly 
clustered about the y = x line (the relative difference between chloride release and 
DOC/bicarbonate uptake was <11%), and illustrate the stoichiometric exchange of DOC and 
bicarbonate for chloride. Both the polystyrene resins (IRA910 and A-641) and the 
polyacrylic resins (MIEX, Macro-T, and IRA958) exhibited the same ion exchange 
stoichiometry. 
To ensure that the results shown in Figures 2.2 and 2.3 were not dictated solely by 
bicarbonate removal, the ratio of DOC removal to total DOC/bicarbonate removal was 
calculated (i.e., ∆DOC/(∆DOC + ∆HCO3–)). Table A2 in Appendix A shows these fractional 
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DOC removals for the data in Figure 2.3. The range of fractional DOC uptakes for the 
polystyrene and polyacrylic resins were 0.14–0.29 and 0.33–0.84, respectively. (The finding 
that the polyacrylic resins have a higher fractional uptake of DOC than the polystyrene resins 
will be discussed in the next section.) The data in Table A2 indicates that DOC uptake 
accounted for a substantial fraction of the material balance, and that the ion exchange 
stoichiometry shown in Figures 2.2 and 2.3 required DOC removal for closure. The results in 
this section quantitatively confirm the stoichiometric removal of SRFA by ion exchange. 
 
 
 
FIGURE 2.1 Charge density of SRFA resulting from direct potentiometric titration. 
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FIGURE 2.2 Illustrative ion exchange stoichiometry for MIEX resin. Corresponding model 
waters are as follows: Control I and II (HCO3–/Cl–), SRFA I and II (DOC/HCO3–/Cl–), and 
SRFA III (DOC/Cl–). 
 
 
 
FIGURE 2.3 Illustrative ion exchange stoichiometry for five anion exchange resins. Solid 
symbols represent bicarbonate-chloride exchange (Control I model water); open symbols 
represent DOC-bicarbonate-chloride exchange (SRFA I model water). 
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2.4.2 Impact of Resin Structure  
In previous ion exchange studies, researchers often compared ion exchange resins on 
an equal volume or mass basis (Croue et al., 1999a; Bolto et al., 2002a; Humbert et al., 
2005). Using this approach, however, it is difficult to separate the influences of resin 
structure (i.e., polymer composition, water content, and porosity) and ion exchange capacity 
on solute removal. Therefore, to compare the resins on an equivalent basis and to isolate the 
impact of resin structure, resin doses were converted to milliequivalents of exchange capacity 
per liter of solution using the apparent density and volumetric ion exchange capacity of each 
resin. Figures 2.4a and 2.4b show the relative concentrations of DOC and bicarbonate, 
respectively, as a function of resin dose. Removal of DOC was evaluated using the SRFA I 
model water, while removal of bicarbonate was evaluated using the Control I model water. 
As will be discussed in the subsequent section, the presence of bicarbonate did not adversely 
affect removal of DOC. For duplicate samples, resin doses had a CV of 3–14% (the variation 
in the resin dose was primarily due to experimental uncertainty in the apparent density), 
DOC removal had a CV of <12%, and bicarbonate removal had a CV of <3%. 
Figure 2.4a illustrates two important features: (1) the three polyacrylic resins (MIEX, 
Macro-T, and IRA958) all exhibited similar removal of DOC, and (2) the polyacrylic resins 
exhibited much greater removal of DOC than the polystyrene resins (IRA910 and A-641). It 
is noteworthy that the magnetically enhanced polyacrylic resin (MIEX) performed similarly 
to the two conventional polyacrylic resins (IRA958 and Macro-T), since there have been 
limited comparisons of these two types of resins. When considered on an equivalent capacity 
basis, data from Humbert et al. (2005) showed that MIEX resin performed similarly to a 
macroporous polystyrene resin with a water content of 73%. Figure 2.4a and Table 2.2 show 
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that the polyacrylic resins exhibited greater removal of DOC and had higher water contents 
(65–69% versus 43–58%) than the polystyrene resins. It is often difficult, however, to 
distinguish between the effects of polymer composition, water content, and porosity. For 
example, Bolto et al. (2002a) observed a direct relationship between DOC removal and water 
content, without reporting the pore size of the resins, and concluded that water content, in 
general, was a good predictor of resin performance. Although IRA910 (Type II resin) had a 
lower water content than A-641 (Type I resin), it is somewhat surprising that IRA910 
removed less DOC than A-641, since strong-base anion exchange resins with Type II 
functional groups have been previously shown to remove more NOM than would be 
expected based on their water content (Bolto et al., 2002a). In addition, other researchers 
have attributed poor removal of DOC by polystyrene resins to size exclusion (Aiken et al., 
1979; Fu and Symons, 1990; Croue et al., 1999a). The specific UV absorbance (SUVA) was 
calculated for the data in Figure 2.4a to assess the possibility of size exclusion. SUVA254 
(L/mg·m) is defined as the ratio of the UV absorbance at 254 nm (UV254 (1/cm)) to the DOC 
concentration (mg C/L), and is reported to be directly correlated with the aromatic carbon 
content and molecular weight of NOM (Chin et al., 1994; Weishaar et al., 2003). The 
analysis showed that the SUVA254 of the water decreased following treatment with the 
polyacrylic resins, whereas the SUVA254 increased following treatment with the polystyrene 
resins (see Figure A1 in Appendix A). These findings demonstrate that the polyacrylic resins 
preferentially removed UV254-absorbing organic compounds, and suggest that NOM with a 
higher molecular weight and/or aromatic carbon content was excluded by the polystyrene 
resins. 
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Bicarbonate removal in the DOC-free solution was used to further investigate the 
influences of polymer composition, water content, and porosity on performance of the resins. 
It was assumed that size exclusion could be neglected when considering bicarbonate-chloride 
exchange. Figure 2.4b shows the relative bicarbonate concentration as a function of the 
equivalent resin dose, and illustrates that both MIEX resin and the polystyrene resins 
(IRA910 and A-641) removed bicarbonate to a similar degree. This demonstrates that for a 
small inorganic anion such as bicarbonate, the driving force for ion exchange is the capacity 
of the anion exchange resin, and that resin structure has a negligible effect. Table A3 in 
Appendix A shows a comparison of the percent removal of DOC and bicarbonate by 
IRA910, A-641, and MIEX. It is interesting that IRA910 exhibits 11% lower removal of 
DOC than bicarbonate, whereas MIEX resin shows 51% greater removal of DOC than 
bicarbonate. Since polystyrene resins have been shown to have a higher selectivity for 
hydrophobic organic anions than inorganic anions (Li and SenGupta, 1998), the lower 
removal of DOC than bicarbonate, combined with other results presented in this section, 
suggest that the poor removal of DOC by the polystyrene resins is a consequence of specific 
interactions between the resin structure and NOM, e.g., size exclusion. It is expected that, as 
the ionic strength of a solution increases, size exclusion of DOC by polystyrene resins would 
become less important due to contraction of NOM molecules (Croue et al., 1999a). 
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FIGURE 2.4 Impact of resin structure on (a) DOC removal (SRFA I model water) and (b) 
bicarbonate removal (Control I model water). All concentrations are normalized by their 
respective initial model water concentration. 
 
2.4.3 Isotherms and Separation Factors  
Ion exchange isotherms for SRFA and bicarbonate on MIEX resin were compared to 
elucidate the SRFA-bicarbonate-chloride system. Figure 2.5 shows the equivalent ionic 
fraction of anion A in the resin (yA) as a function of its equivalent ionic fraction in solution 
(xA). The solid circles and triangles represent binary isotherms for SRFA-chloride and 
bicarbonate-chloride exchange, respectively; the open circles show the isotherm for SRFA in 
the presence of chloride and bicarbonate. Although CT varied by a factor of ~2.5 between the 
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binary and ternary systems, the DOC concentrations were approximately equal for both 
systems. The diagonal line illustrates the hypothetical scenario in which MIEX resin has 
equal preference for both generic anion A and chloride. In addition, isotherms that fall above 
the diagonal illustrate favorable exchange, while isotherms that fall below the diagonal 
illustrate unfavorable exchange. Considering only the binary isotherms (i.e., solid symbols), 
Figure 2.5 shows that MIEX resin favors SRFA over chloride while, at best, the resin has 
approximately equal preference for bicarbonate and chloride. 
Separation factors were calculated for the binary isotherms to quantify the affinity of 
MIEX resin for SRFA and bicarbonate. The separation factor for anion A over chloride is 
defined as αA/Cl = (yAxCl)/(xAyCl), where A can represent either SRFA or bicarbonate. If αA/Cl 
is >1, then anion A is preferred by the resin. At yA = 0.5, the separation factors for SRFA-
chloride and bicarbonate-chloride were 5.7 and 0.76, respectively. In addition, Figure A2 in 
Appendix A illustrates that the separation factors for SRFA and bicarbonate are relatively 
constant with respect to resin loading. To the authors’ knowledge, these are the first 
published separation factors for MIEX resin. Figure 2.5 shows that when the total ionic 
strength of the model water is increased by the addition of sodium bicarbonate, the affinity of 
MIEX resin for SRFA increases (see solid and open circles). Semmens and Gregory (1974) 
reported a similar relationship between selectivity and ionic strength for carboxylate uptake 
by a strong-base anion exchange resin. Thus, the removal of SRFA is not adversely affected 
by the presence of bicarbonate; rather, it appears to be slightly promoted. 
This work illustrates the stoichiometric removal of SRFA via ion exchange by five 
different anion exchange resins. While resin structure did not affect the reaction 
stoichiometry, the polyacrylic resins exhibited greater removal of SRFA than the polystyrene 
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resins. This is hypothesized to be a result of size exclusion by the polystyrene resins. In 
addition, MIEX resin had a greater affinity for SRFA over bicarbonate and chloride. 
Although not investigated as part of this research, it would be of interest to know how 
changes in NOM characteristics, e.g., charge density, aromaticity, and molecular weight, 
would affect NOM uptake via ion exchange, and how inorganic anions, such as sulfate, 
would compete with NOM for ion exchange sites. (This is the subject of a follow-up study.) 
A selectivity sequence for well-characterized NOM extracts and strongly-competing 
inorganic anions could potentially be developed. Such a study would further elucidate the 
behavior of NOM with respect to its removal by ion exchange and ultimately improve the 
efficacy of ion exchange treatment for removal of NOM. 
 
 
 
FIGURE 2.5 Illustrative ion exchange isotherms for MIEX resin. Open circles show DOC 
isotherm in the presence of bicarbonate and chloride (SRFA I); solid circles show DOC 
isotherm in the presence of only chloride (SRFA III); and solid triangles show bicarbonate 
isotherm in the presence of chloride (no DOC, Control I). 
 
CHAPTER 3: REMOVAL OF DISSOLVED ORGANIC MATTER BY ANION 
EXCHANGE: EFFECT OF DISSOLVED ORGANIC MATTER PROPERTIES2 
 
 
3.1 ABSTRACT 
Ten isolates of aquatic dissolved organic matter (DOM) were evaluated to determine 
the effect that chemical properties of the DOM, such as charge density, aromaticity, and 
molecular weight, have on DOM removal by anion exchange. The DOM isolates were 
characterized as terrestrial, microbial, or intermediate humic substances or transphilic acids. 
All anion exchange experiments were conducted using a magnetic ion exchange (MIEX) 
resin. The charge density of the DOM isolates, determined by direct potentiometric titration, 
was fundamental to quantifying the stoichiometry of the anion exchange mechanism. The 
results clearly show that all DOM isolates were removed by anion exchange; however, 
differences among the DOM isolates did influence their removal by MIEX resin. In 
particular, MIEX resin had the greatest affinity for DOM with high charge density and the 
least affinity for DOM with low charge density and low aromaticity. This work illustrates 
that the chemical characteristics of DOM and solution conditions must be considered when 
evaluating anion exchange treatment for the removal of DOM. 
3.2 INTRODUCTION 
Anion exchange treatment using a magnetic ion exchange (MIEX) resin has been 
previously shown to be very effective at removing dissolved organic matter (DOM) from raw 
                                                
2
 Reproduced with permission from Environmental Science & Technology, submitted for 
publication. Unpublished work copyright 2008 American Chemical Society. 
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drinking waters (Fearing et al., 2004; Boyer and Singer, 2005; Humbert et al., 2005; Boyer 
and Singer, 2006; Singer et al., 2007). The subsequent coagulant demand, chlorine demand, 
and formation of trihalomethanes and haloacetic acids were all decreased as a result of the 
substantial removal of DOM by MIEX resin. Recent work by the authors evaluated the 
removal of a well-characterized aquatic DOM isolate by MIEX resin and four conventional 
polymeric anion exchange resins (Boyer and Singer, 2008). For the DOM isolate 
investigated, it was shown that anion exchange is the operative mechanism of removal of 
DOM by the polyacrylic and polystyrene anion exchange resins, that polyacrylic resins 
exhibit a greater removal of DOM than polystyrene resins, and that MIEX resin, a 
magnetically enhanced polyacrylic resin, performs similarly to conventional polyacrylic 
resins. Due to the heterogeneity of aquatic DOM, however, additional work is required to 
demonstrate conclusively that anion exchange is the operative mechanism of removal for an 
array of DOM with different properties and to determine the effect of these properties on the 
anion exchange process.   
DOM properties that are reported to influence anion exchange include the distribution 
of carbon between aromatic and aliphatic domains, acidity, and molecular weight (Croue et 
al., 1999a; Tan and Kilduff, 2007). The chemical characteristics of aquatic DOM are affected 
by the source and age of the organic precursor material, and by the techniques used to 
concentrate and isolate the DOM (Leenheer, 1994; McKnight and Aiken, 1998; Leenheer and 
Croue, 2003). Organic matter derived from higher plants is characterized by high aromatic 
carbon content and low nitrogen content. In contrast, DOM derived from algae, bacteria, and 
aquatic plants is enriched in aliphatic carbon and organic nitrogen. Isolation techniques often 
make use of DOM properties, such as acidity, hydrophobicity, and molecular weight, to 
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obtain DOM fractions that are chemically well-defined. In this work, DOM isolates were 
chosen to represent a range of chemical properties. 
The goal of this research was to determine which DOM properties have the greatest 
influence on the removal of DOM by anion exchange. This is important for understanding 
fundamental interactions between DOM and anion exchange resins, and for maximizing the 
removal of DOM during water treatment to improve treatment outcomes. DOM properties of 
interest included the charge density, aromatic and aliphatic carbon content, molecular weight, 
and nitrogen content. The objectives of this work were to quantify the effects of inter- and 
intra-DOM properties on the stoichiometry of anion exchange and on the removal of DOM 
by MIEX resin. Inter-DOM properties were evaluated by comparing several well-
characterized DOM isolates, while intra-DOM properties were evaluated by studying a single 
DOM isolate under different solution conditions. 
3.3 MATERIALS AND METHODS 
3.3.1 DOM Isolates 
Ten aquatic DOM isolates from seven different locations were studied. The DOM 
isolates were classified as hydrophobic acid (HPOA), fulvic acid (FA), or transphilic acid 
(TPIA) as described in the literature (Thurman and Malcolm, 1981; Aiken et al., 1992). 
Suwannee River fulvic acid (SRFA) and Pony Lake fulvic acid (PLFA) were purchased from 
the International Humic Substances Society (IHSS). Fort Lauderdale, Florida hydrophobic 
acid and transphilic acid (FtLHPOA and FtLTPIA) were isolated at the University of North 
Carolina at Chapel Hill. Coal Creek fulvic acid (CCFA), Florida Everglades Site F1 fulvic 
acid, hydrophobic acid, and transphilic acid (EF1FA, EF1HPOA, and EF1TPIA), Pacific 
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Ocean fulvic acid (POFA), and Williams Lake hydrophobic acid (WLHPOA) were obtained 
from the U.S. Geological Survey (USGS).  
Chemical properties of the DOM isolates are listed in Table 3.1. Table B1 in 
Appendix B provides a brief description of the source of each aquatic DOM isolate. 
Ultraviolet (UV) absorbance was measured on a Hitachi U-2000 spectrophotometer using a 1 
cm quartz cell. Dissolved organic carbon (DOC), total dissolved nitrogen (TDN), and 
dissolved inorganic carbon (DIC) were measured on a Shimadzu TOC-VCPH Total Organic 
Carbon Analyzer with a TNM-1 Total Nitrogen Measuring Unit. All samples were analyzed 
in duplicate with average values reported; the relative difference (defined as the absolute 
difference divided by the mean) between DOC, TDN, and DIC duplicates was <10%, <20%, 
and <5%, respectively. The concentration of dissolved organic nitrogen (DON) was set equal 
to the concentration of TDN in the absence of inorganic nitrogen. Specific UV absorbance 
(SUVA254) was calculated by dividing the UV absorbance determined at 254 nm by the DOC 
concentration.  
Carboxyl acidity is defined as the charge density at pH 8. Charge density 
(milliequivalents (meq) per gram carbon) was determined by direct potentiometric titration as 
described previously (Boyer and Singer, 2008). The PLFA required 0.002 N NaOH solution 
to dissolve the DOM isolate; an equivalent amount of HCl solution was added to neutralize 
the NaOH solution (Ritchie and Perdue, 2003). Charge densities for SRFA and PLFA are 
average values from duplicate titrations; charge densities for the other DOM isolates are the 
result of single titrations. Tables B2 and B3 in Appendix B provide complete carbon-13 
nuclear magnetic resonance (13C NMR) data and elemental composition of the DOM isolates.
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TABLE 3.1 Chemical Properties of DOM Isolatesa 
Isolate SUVA254b 
(L/mg·m) 
N/Cc Carboxyl acidityd 
(meq/g C) 
Mne 
(Da) 
% aliphatic 
carbonf 
% aromatic 
carbonf 
CCFA 4.6 0.019 11.9 1180g 34.7h, i 28.0h, i 
EF1FA 4.6 0.025 11.3 850j 43.4j, k 20.1j, k 
EF1HPOA 4.7 0.021 11.2 1031j 45.0j, k 18.2j, k 
EF1TPIA 3.3 0.046 14.5 832j 43.5j, k 13.1j, k 
FtLHPOA 3.9 0.021 11.2 NA 44.5m, i 21.7m, i 
FtLTPIA 2.1 0.037 16.7 NA 45.2m, i 9.7m, i 
PLFA 3.1 0.092 10.9 ± 0.5 NA 61n, i 12n, i 
POFA 0.7 0.020 10.6 532o 56.9h, i 7.3h, i 
SRFA 4.0 0.011 11.8 ± 0.1 1390p 33n, i 24n, i 
WLHPOA 2.1 0.025 9.7 772o 50.0o, i 13.8o, i 
a Data from literature identified by superscript. b SUVA254 (L/mg·m) = (UV254 (1/cm)/DOC 
(mg C/L))×100. c Determined by measuring DOC (mg C/L) and DON (mg N/L).  
d Interpolated at pH 8 using data in Figure 3.1. e Number-average molecular weight 
determined by size exclusion chromatography; see references. f Percent carbon determined by 
13C-NMR; aliphatic I C (0–62 ppm) and aromatic C (110–160 ppm) unless noted otherwise in 
the literature. g Chin et al., 1994. h Weishaar et al., 2003. i Liquid-state 13C NMR. j 
Ravichandran et al., 1998. k Solid-state 13C NMR. m Analyses courtesy of USGS. NA: not 
available. n IHSS. o Waples et al., 2005. p Chin et al., 1997. 
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3.3.2 Model Waters 
DOM-containing model waters were prepared by adding freeze-dried DOM isolates 
and sodium bicarbonate to laboratory-grade water (LGW). DOM-free model waters were 
prepared by adding potassium sulfate, sodium bromide, sodium nitrate, and sodium 
bicarbonate to LGW. The pH of the model waters was adjusted using either NaOH, HCl, or 
HNO3 solutions. A majority of the experimental work was conducted between pH 7.69 and 
8.05; several experiments were conducted at pH 4. The chemical composition of the test 
waters is listed in Table 3.2. The DOC concentration, in meq/L, was calculated as the product 
of the DOC concentration, in mg C/L, and the DOM charge density (meq/g C) at the 
equilibrium pH of the model solution. The bicarbonate concentration was calculated by 
correcting the DIC concentration for temperature and pH (Stumm and Morgan, 1996). 
Bromide, chloride, nitrate, and sulfate were measured according to U.S. Environmental 
Protection Agency Method 300.0 (1999) on a Dionex DX-300 Series Ion Chromatograph 
equipped with an IonPac AG4A-SC guard column and an AS4A-SC analytical column. 
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3.3.3 MIEX Resin 
MIEX resin (Orica Watercare) is a magnetically enhanced, macroporous, polyacrylic, 
strong-base anion exchange resin that is used in the chloride form (Boyer and Singer, 2008). 
MIEX resin did not require any pre-treatment and was used as received.   
3.3.4 Anion Exchange Isotherm Experiments 
MIEX resin was used in all anion exchange isotherm experiments. All experiments 
were conducted at an ambient laboratory temperature of 22°C. Additional information about 
the isotherm experiments is given elsewhere (Boyer and Singer, 2008). To improve the 
reproducibility of the earlier procedure, the filtered resin was stored in a desiccator for ~24 h 
prior to weighing; as a result, four days of mixing was required to ensure equilibration. 
Excellent agreement between the two procedures was achieved. All isotherm experiments 
were conducted using duplicate doses of MIEX resin. The coefficient of variation (CV), 
defined as the standard deviation divided by the mean, is reported to show the agreement 
between duplicate samples. In addition, replicate isotherm experiments were conducted using 
SRFA, FtLHPOA, and FtLTPIA. Aqueous-phase concentrations were expressed in either 
meq/L or mg C/L, and resin-phase concentrations were calculated as the difference in 
aqueous-phase concentrations before and after anion exchange equilibrium. The equivalent 
ionic fraction of DOC in solution was calculated by dividing the aqueous-phase 
concentration of DOC by the sum of the DOC, bicarbonate, and chloride concentrations; the 
equivalent ionic fraction of DOC in the resin was calculated by dividing the resin-phase 
concentration of DOC by the dose of MIEX resin. Equivalent ionic fractions for bromide, 
nitrate, and sulfate were calculated in the same manner. 
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3.4 RESULTS AND DISCUSSION 
3.4.1 Characteristics of DOM Isolates 
The chemical characteristics of the aquatic DOM isolates evaluated in this work are a 
reflection of the origin of the DOM, as illustrated by the DOM properties in Table 3.1. 
SUVA254 is reported to be directly proportional to the number-average molecular weight (Mn) 
and the aromatic carbon content of DOM (Chin et al., 1994; Weishaar et al., 2003), and the 
molar ratio of nitrogen to carbon (N/C) is indicative of the microbial origin of DOM 
(McKinght et al., 1994; McKnight and Aiken, 1998). For example, SRFA and CCFA have 
properties that are associated with terrestrial and higher plant sources, such as high SUVA254, 
low N/C, high Mn, and high aromaticity, whereas PLFA, POFA, and WLHPOA have end-
member properties that are associated with microbial sources, such as low SUVA254, high 
N/C, low Mn, and high percentage of aliphatic carbon relative to aromatic carbon. These 
properties are consistent with trends reported in the literature (Thurman, 1985; Leenheer, 
1994; McKnight et al., 1994; McKnight and Aiken, 1998). EF1FA, EF1HPOA, and 
FtLHPOA possess intermediate chemical properties, and will be referred to as intermediate 
humic substances. The chemical properties of EF1FA and EF1HPOA are very similar, as 
expected, since fulvic acid accounts for a majority of the hydrophobic acid fraction (Thurman 
and Malcolm, 1981; Aiken et al., 1992). Table 3.1 shows that the TPIA isolates have a lower 
molecular weight, are more enriched in organic nitrogen, and have a lower percentage of 
aromatic carbon compared to corresponding HPOA isolates. These results are consistent with 
expectations based on the XAD-8/XAD-4 fractionation procedure. Aiken and co-workers 
(1992) reported that, based on 13C NMR, the TPIA fraction had greater amounts of carboxyl 
and aliphatic carbon and less aromatic carbon than the HPOA fraction. It is interesting to 
  42
observe that the TPIA and the microbially derived humic substances are both enriched in 
organic nitrogen, have a high proportion of aliphatic carbon relative to aromatic carbon, and 
have similar molecular weights. Figure 3.1 shows that the TPIA isolates have a greater 
charge density than the HPOA and FA isolates. The general trend in the carboxyl acidity of 
the DOM isolates is as follows: TPIA > terrestrial > intermediate > microbial. 
 
 
FIGURE 3.1 Charge density of DOM isolates calculated from direct potentiometric titration 
results. 
 
3.4.2 Stoichiometry of Anion Exchange 
Determination of the charge density of DOM, in combination with equivalency 
calculations, is fundamental to understanding the removal of DOM by anion exchange 
(Boyer and Singer, 2008). The postulated ternary anion exchange reaction involves the 
exchange of chloride on the resin for DOM and bicarbonate in solution. The relative 
contributions of DOM and bicarbonate uptake by the resin to chloride release were quantified 
to confirm the anion exchange mechanism. Figure 3.2a shows the results of multiple anion 
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exchange isotherm experiments using MIEX resin. The DOM isolates are identified in the 
legend; the bicarbonate model water did not contain any DOM. The y-axis shows the net 
increase in the aqueous concentration of chloride (i.e., equilibrium chloride concentration 
minus initial chloride concentration), while the x-axis shows the net decrease in the aqueous 
concentration of bicarbonate. For duplicate samples, the mean increase in chloride had a CV 
of <10% and the mean decrease in bicarbonate had a CV of <20%, which was mostly due to 
changes in the bicarbonate concentration of <0.02 meq/L. The y = x line represents the 
stoichiometric exchange of chloride on the resin for bicarbonate in a DOM-free solution. 
Figure 3.2a shows that the data points for the bicarbonate model water are in good agreement 
with the y = x line, as expected for binary inorganic anion exchange. In contrast, the data 
points for the DOM-containing model waters diverge considerably from the y = x line, e.g., at 
a bicarbonate uptake of 0.1 meq/L the corresponding chloride release was ~2 times greater 
than the bicarbonate uptake. Figure 3.2a indicates that removal of DOM must account for a 
substantial fraction of the chloride that was released into solution. 
In Figure 3.2b, the data are plotted such that the x-axis is the sum of bicarbonate and 
DOC uptake, and the y = x line represents the stoichiometric exchange of chloride for both 
bicarbonate and DOC. The mean decrease in the sum of bicarbonate and DOC in the 
duplicate samples had a CV of <10%. Figure 3.2b shows that all of the data points for the 
DOM-containing model waters are tightly clustered about the y = x line. As discussed in 
Appendix B (see Figure B1), the median relative difference between chloride release and the 
sum of DOC and bicarbonate uptake indicates very good agreement between the 
experimental data and the theoretical y = x line. These results clearly show that, for acidic 
DOM isolates at pH ~8, the mechanism of removal is anion exchange, and that variations in 
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chemical properties among the DOM isolates had a negligible influence on the anion 
exchange mechanism. 
 
 
FIGURE 3.2 Anion exchange stoichiometry for MIEX resin with different DOM isolates: 
(a) exchange of chloride for bicarbonate and (b) exchange of chloride for bicarbonate and 
DOC together. 
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3.4.3 Effect of Inter-DOM Properties 
Although all of the DOM isolates were removed quantitatively by anion exchange, 
differences among the DOM isolates, such as charge density and aromaticity, were expected 
to influence the extent of DOM removal. The effect of inter-DOM properties on anion 
exchange is analogous to inorganic anion exchange where anions, such as chloride, nitrate, 
sulfate, and phosphate, are removed by anion exchange yet exhibit different anion-resin 
selectivity coefficients (Gregory and Dhond, 1972; Gu et al., 2004). The effect of inter-DOM 
properties on the removal of DOC by MIEX resin is evaluated in Figure 3.3. The results in 
Figure 3.3 were interpreted by comparing the fraction of DOC removed to the ratio of MIEX 
resin dose to initial DOC concentration (resin/C0). Both the resin dose and C0 were expressed 
in meq/L as discussed previously (Boyer and Singer, 2008). The three regions of interest in 
Figure 3.3 are identified as follows: resin/C0 < 1, resin/C0 = 1, and resin/C0 > 1.  
At resin/C0 < 1, there is a shortage of anion exchange sites with respect to the initial 
concentration of DOC. As a result, removal of DOC is very similar for all DOM isolates, as 
shown in Figure 3.3. The amount of DOC removed at resin/C0 = 1 is a measure of the affinity 
of MIEX resin for the various DOM isolates, as will be discussed in more detail below. 
FtLTPIA was removed to the greatest extent, i.e., 78% DOC removal, whereas the microbial 
humic substances (PLFA, POFA, and WLHPOA) were removed to the least extent, i.e., 54–
58% DOC removal. Removal of DOC for the other DOM isolates was bracketed by the 
above results, and is presented quantitatively in Table B4 in Appendix B. The maximum 
removal of DOC at resin/C0 = 1 was <100% and indicates that not all of the anion exchange 
sites are available to the DOM isolates, possibly due to size exclusion by MIEX resin, 
configuration of the carboxylic acid groups within the DOM molecules, or uptake of 
  46
bicarbonate and chloride. At resin/C0 > 1, there is an excess of anion exchange sites with 
respect to the initial DOC concentration. Figure 3.3 shows that the microbial humic 
substances are removed to a lesser extent than the other DOM isolates in this region, 
although all DOM isolates exhibited substantial removal. Resin/C0 = 5 is equivalent to ~1.0 
mL of wet MIEX resin per liter of solution, which is a common MIEX resin dose used in 
practice (Boyer and Singer, 2006).  
Table 3.3 shows the results of a stepwise multiple linear regression analysis between 
the fraction of DOC removed at resin/C0 = 1 (see Figure 3.3 and Table B4 in Appendix B) 
and the DOM properties listed in Table 3.1. DOC removal was correlated strongly and 
positively with carboxyl acidity (R2 = 0.89). Somewhat surprisingly, none of the other DOM 
properties was correlated with DOC removal (R2 ≤ 0.45). A multiple linear regression 
analysis was conducted between DOC removal and carboxyl acidity and the other DOM 
properties shown in Table 3.1. (Carboxyl acidity was not autocorrelated with any of the other 
DOM properties in Table 3.1; R2 < 0.08.) Table 3.3 illustrates that the addition of the 
aromatic carbon content to the carboxyl acidity showed the greatest improvement in the 
correlation between DOC removal and DOM properties (R2 = 0.94). In addition, the aromatic 
carbon content, Mn, and SUVA254 (which are all autocorrelated (Chin et al., 1994; Weishaar 
et al., 2003)) were correlated positively with DOC removal, whereas the aliphatic carbon 
content and N/C were correlated negatively with DOC removal. In summary, the charge 
density of DOM had the greatest effect on anion exchange uptake. The aromatic and aliphatic 
carbon content, molecular weight, SUVA254, and nitrogen content, when coupled with 
carboxyl acidity, improved the prediction of DOM removal. 
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The organic nitrogen fraction of DOM is of growing interest because it has been 
shown that the formation of nitrogen-containing disinfection byproducts (DBPs), such as 
dichloroacetonitrile, trichloronitromethane, and N-nitrosodimethylamine, increases as the 
DON/DOC ratio increases (Lee et al., 2007). Figure 3.4 shows the fraction of DON and DOC 
remaining in solution (i.e., DON/DON0 and DOC/DOC0, respectively) following anion 
exchange treatment at varying MIEX resin doses. DON results are shown for only four of the 
DOM isolates due to the low initial concentration of DON for the other DOM isolates. 
Nevertheless, Figure 3.4 illustrates that DON removal tends to track DOC removal, although 
there was a modest trend showing an increased removal of DOC relative to DON as the dose 
of MIEX resin increased. The PLFA model water had the highest concentration of DON and 
shows the best agreement between DON and DOC removal, possibly due to less analytical 
uncertainty for this sample. (For duplicate samples, the normalized concentration of DOC 
had a CV of <5% and the normalized concentration of DON had a CV of <20%.) 
Anion exchange isotherms were used to compare the affinity of MIEX resin for the 
various DOM isolates to a variety of common inorganic anions. MIEX resin has been 
previously shown to have a greater affinity for SRFA relative to bicarbonate and chloride 
(Boyer and Singer, 2008). Figure 3.5 shows the equivalent ionic fraction of DOC, bromide, 
nitrate, and sulfate in the resin phase (y) as a function of its equivalent ionic fraction in 
solution (x). All of the isotherms are from ternary systems that contain DOC, bromide, 
nitrate, or sulfate and bicarbonate and chloride. The anion exchange isotherms for the DOM 
isolates are bracketed by the anion exchange isotherms for the selected inorganic anions. The 
affinity of MIEX resin for FtLTPIA is greatest among the DOM isolates, as discussed 
previously, and appears to be similar to its affinity for sulfate. At a constant x, y is directly 
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related to the affinity of the resin for the species of interest, e.g., at x = 0.08, ysulfate = 0.91 and 
yFtLTPIA = 0.87. The affinity of the resin for POFA and WLHPOA are lowest among the ten 
isolates examined, but are still appreciably higher than its affinity for bromide and nitrate, 
e.g., at x = 0.08, yPOFA = 0.57 and yWLHPOA = 0.55, whereas ybromide = 0.16 and ynitrate = 0.17. 
The results in Figure 3.5 confirm previous observations that waters with a high concentration 
of sulfate result in lower removal of DOM by anion exchange (Boyer and Singer, 2006; Tan 
and Kilduff, 2007), and also illustrate that anion exchange treatment for the removal of 
bromide and nitrate will be less effective in the presence of DOM. This is particularly 
relevant for bromide, because bromide reacts with chlorine and DOM to form DBPs. 
 
 
FIGURE 3.3 Removal of DOC by MIEX resin for a variety of DOM isolates. The units of 
resin dose and initial DOC concentration (C0) are meq/L. 
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FIGURE 3.4 Association between DON and DOC removal by MIEX resin treatment. 
 
 
 
FIGURE 3.5 Anion exchange isotherms for various dissolved constituents. The average 
composition (± one standard deviation) of the test waters was xi = 0.19 ± 0.02, xbicarbonate = 
0.78 ± 0.02, and xchloride = 0.03 ± 0.01, where i is DOC, sulfate, bromide, or nitrate. 
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TABLE 3.3 Multiple Linear Regression Between DOC Removal at Resin/C0 = 1 and 
DOM Chemical Propertiesa (Correlation Equation: DOC Removal = ax1 + bx2 + c) 
x1 x2 a b c R2 
Carboxyl acidity – 3.0×10-2 – 0.26 0.89 
Mnb – 1.0×10-4 – 0.51 0.45 
% aliphatic C – -3.3×10-3 – 0.78 0.19 
SUVA254 – 7.5×10-3 – 0.60 0.02 
N/C – -4.9×10-2 – 0.63 <0.01 
% aromatic C – 2.0×10-4 – 0.62 <0.01 
Carboxyl acidity % aromatic C 3.2×10-2 2.3×10-3 0.20 0.94 
Carboxyl acidity Mnb 2.1×10-2 1.0×10-4 0.30 0.93 
Carboxyl acidity % aliphatic C 2.9×10-2 -1.4×10-3 0.34 0.92 
Carboxyl acidity SUVA254 3.1×10-2 8.8×10-3 0.23 0.91 
Carboxyl acidity N/C 3.1×10-2 -3.3×10-1 0.26 0.90 
a See Figure 3.3, Table 3.1, and Table B5 in Appendix B for details pertaining to DOC 
removal and DOM properties. b FtLHPOA, FtLTPIA, and PLFA omitted from regression due 
to missing Mn data. 
 
 
3.4.4 Effect of Intra-DOM Properties 
In the previous section, ten well-characterized DOM isolates were evaluated to show 
the effects of carboxyl acidity, aromaticity, molecular weight, and nitrogen content on the 
removal of DOM by anion exchange. As a corollary to these inter-DOM comparisons, it was 
of interest to examine how changing a single property within a given DOM isolate would 
affect its removal by anion exchange. Since the charge density of DOM varies considerably 
as a function of pH, as illustrated in Figure 3.1, it was decided to vary the charge density 
while keeping all other DOM properties constant. The charge density was adjusted by 
decreasing the pH of a solution of SRFA model water to pH 4. An initial experiment was 
conducted by adjusting the pH with HCl solution; however, the high concentration of 
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chloride in the pH-adjusted solution made it difficult to quantify small changes in the 
chloride concentration as a result of anion exchange. Instead, HNO3 solution was used to 
lower the pH since MIEX resin has a low affinity for nitrate, as shown in Figure 3.5. As a 
result of the reduction in pH to pH 4, the charge density was decreased by 45% from its value 
at pH 8.  
Figure 3.6 illustrates the effect of pH on the stoichiometry of removal of SRFA by 
MIEX resin, and shows the results in a fashion analogous to that of Figure 3.2b. The x-axis 
shows the uptake of DOC, bicarbonate, and nitrate (if present), i.e., the net anion uptake, 
while the y-axis shows chloride release. For duplicate samples, both the mean increase in 
chloride and the mean anion uptake had a CV of <10%. The y = x line represents the 
equivalent exchange of chloride for DOC, bicarbonate, and nitrate together. Figure 3.6 shows 
that both the pH 7.78–7.83 and pH 4.02 data are in excellent agreement with the theoretical y 
= x line. Therefore, although the charge density of SRFA was decreased by 45%, the 
SRFA/pH 4 model water exhibited nearly identical anion exchange stoichiometry as the 
SRFA/pH ~8 model water. These results indicate that DOM molecules with charged 
functional groups will take part in anion exchange reactions in the same manner, regardless 
of the magnitude of the DOM charge density. 
The extent of removal of SRFA by MIEX resin at pH ~8 and pH 4 was also evaluated 
(results not shown). The results were interpreted in the same manner as Figure 3.3, i.e., 
fraction of DOC removed versus resin/C0. There was no nitrate present in the SRFA/pH ~8 
model water, so it was decided that the SRFA/pH 4 model water adjusted with HCl solution 
would provide a more appropriate comparison with the pH ~8 results. At resin/C0 < 1, 
removal of DOC was approximately the same at pH 4.07 and pH 7.78–7.83. At resin/C0 ≥ 1, 
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DOC removal was greater at pH 7.78–7.83 than at pH 4.07 due to the greater charge density 
associated with SRFA/pH ~8 than SRFA/pH 4. These results are consistent with Figure 3.3 
and the regression analysis presented in Table 3.3. 
  Differences in the chemical characteristics among different DOM isolates and 
changes in the chemistry within a single DOM isolate were shown in this work to affect 
DOM removal by anion exchange. The charge density of DOM was determined to be the 
most important DOM property for understanding anion exchange reactions. Based on 
equivalency calculations, anion exchange was clearly shown as the mode of removal of 
DOM by MIEX resin and DOM charge density was the specific property that correlated best 
with removal. Consequently, MIEX resin had the greatest affinity for the TPIA isolates, 
which were characterized by high charge density, and the least affinity for the microbially 
derived DOM isolates, which were characterized by low charge density and low aromaticity. 
The affinity of MIEX resin for DOM was also compared to the affinity of the resin for 
several inorganic anions common to raw drinking waters. The results indicate that the 
presence of sulfate can hinder the removal of DOM by anion exchange, and that DOM can 
have an adverse effect on the removal of bromide and nitrate. In summary, DOM 
characteristics, such as charge density and SUVA254, serve as useful measurements for 
predicting the efficacy of anion exchange treatment for the removal of DOM. 
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FIGURE 3.6 Influence of pH on the stoichiometric removal of SRFA by MIEX resin; the y 
= x line indicates equivalent exchange of chloride for DOC, bicarbonate, and nitrate. 
 
CHAPTER 4: A PILOT-SCALE EVALUATION OF MAGNETIC ION EXCHANGE 
TREATMENT FOR REMOVAL OF NATURAL ORGANIC MATERIAL AND 
INORGANIC ANIONS3 
 
 
4.1 ABSTRACT 
The objective of this research was to evaluate a magnetic ion exchange (MIEX) 
process for the removal of natural organic material (NOM) and bromide on a continuous-
flow pilot-scale basis under different operating conditions and raw water characteristics. The 
most important operating variable was the effective resin dose (ERD), which is the product 
of the steady-state resin concentration in the contactor and the resin regeneration ratio. The 
raw water employed in this study had a moderate concentration of ultraviolet (UV)-absorbing 
substances and dissolved organic carbon (DOC), and a low turbidity, alkalinity, and 
concentration of anionic species. Experiments were conducted using the ambient raw water 
and raw water spiked with bromide, chloride, and sulfate. Substantial removal of UV-
absorbing substances and DOC was achieved at ERDs as low as 0.16 mL/L. Moderate 
bromide removal was achieved, depending on the ERD. Increasing the sulfate concentration 
resulted in decreased removal of UV-absorbing substances, DOC, and bromide. Consistent 
results were observed between the continuous-flow pilot plant tests and batch equilibrium 
studies.
                                                
3
 Reproduced with permission from Boyer, T.H., Singer, P.C., 2006. A pilot-scale evaluation 
of magnetic ion exchange treatment for removal of natural organic material and inorganic 
anions. Water Research 40, 2865–2876. doi: 10.1016/j.watres.2006.05.022. Copyright 2006 
Elsevier. 
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4.2 NOMENCLATURE 
CB DOC concentration in waste brine 
Ceffl Effluent DOC concentration 
Cinfl Influent DOC concentration 
C1 DOC concentration in waste water from first rinse 
C2 DOC concentration in waste water from second rinse 
feffl Equivalents of DOC per mass of resin 
fmax Equivalents of chloride per mass of resin 
MR Mass of DOC recovered during regeneration cycle 
MT Mass of DOC removed by MIEX treatment per regeneration cycle 
qeffl Mass of DOC removed per mass of MIEX 
Qin Influent flow rate to the pilot plant 
QR Pumping rate of the regeneration pump 
R Resin regeneration ratio 
VB Volume of brine used during regeneration 
VFRT Initial volume of water/MIEX slurry in the fresh resin tank 
VR Volume of rinse water 
Y Chloride exchange capacity of MIEX resin 
Z Charge density of NOM 
ρ Density of MIEX resin 
 
 
4.3 INTRODUCTION 
Anion exchange is a potential strategy for removing natural organic material (NOM) 
from raw drinking water to control the formation of disinfection byproducts (DBPs). The 
mechanism(s) of NOM removal, the affinity of resins for various fractions of NOM, 
important resin properties contributing to NOM removal, comparisons of anion exchange 
treatment with coagulation and activated carbon treatment, and the overall efficacy of anion 
exchange treatment for removal of DBP precursors have been investigated to varying degrees 
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by several researchers (Boening et al., 1980; Fu and Symons, 1990; Kim and Symons, 1991; 
Croue et al., 1999a; Bolto et al., 2002a, 2002b; Humbert et al., 2005).   
A magnetic ion exchange (MIEX) resin developed jointly by Orica Watercare, 
Commonwealth Scientific Industrial Research Organization, and South Australian Water 
Corporation was designed specifically to remove dissolved organic carbon (DOC) from 
natural water. The MIEX resin is a strong base anion exchange resin with a macroporous 
polyacrylic matrix in the chloride form. Magnetic iron oxide is incorporated into the resin 
matrix to aid in agglomeration and settling. The MIEX resin is designed to be used in slurry 
form in completely-mixed continuous-flow reactors (i.e., contactors). A review of the 
literature pertaining to treatment with MIEX resin reveals it has the potential to remove a 
greater amount of DOC and ultraviolet (UV)-absorbing substances than coagulation, removes 
a wider range of molecular weight and organic acid fractions of DOC than coagulation, and 
is capable of removing bromide (Singer and Bilyk, 2002; Drikas et al., 2003; Lee et al., 2003; 
Fearing et al., 2004; Johnson and Singer, 2004; Boyer and Singer, 2005). Figure 4.1 is a 
summary of batch treatment studies illustrating the influence of specific UV absorbance 
(SUVA) on DOC removal by MIEX resin (data from Singer and Bilyk, 2002; Boyer and 
Singer, 2005). SUVA254 is the ratio of UV absorbance at 254 nm (UV254) to DOC times 100, 
and is proportional to the aromatic carbon content of NOM. In general, high SUVA254 waters 
are characterized by hydrophobic NOM and low ionic strength, whereas low SUVA254 waters 
have more hydrophilic NOM. Figure 4.1 shows a clear trend of increasing removal of DOC 
with increasing SUVA254 of the raw water, suggesting that MIEX resin has a greater 
preference for the types of aquatic NOM present in high SUVA254 waters, e.g., hydrophobic 
NOM. 
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Most of the published literature on MIEX resin performance is from batch treatment 
studies. There is less published information on the performance of MIEX resin treatment for 
the removal of DBP precursors on a continuous-flow basis. Table 4.1 summarizes the results 
from two continuous-flow pilot-scale studies of MIEX resin treatment on several different 
raw waters (Budd et al., 2005; Fonseca et al., 2005). The highest DOC removals were seen in 
waters with a high SUVA254 and a low sulfate concentration. At Charleston, SC and Northern 
KY, where coagulation is practiced, pre-treatment with MIEX resin reduced the subsequent 
coagulant demand. Pilot testing by Hammann et al. (2004) and Mercer et al. (2004) reported 
substantial removal of DOC and reduction in subsequent coagulant demand. Morran et al. 
(2004) and Allpike et al. (2005) evaluated full-scale treatment with MIEX resin at the Mt. 
Pleasant Water Treatment Plant in South Australia and the Wanneroo Water Treatment Plant 
in Western Australia, respectively, and reported that pre-treatment with MIEX resin followed 
by coagulation was very effective at removing a wide range of apparent molecular weight 
fractions of DOC and reducing the subsequent coagulant demand. 
The objective of this research was to evaluate the performance of MIEX resin 
treatment for the removal of NOM and bromide on a continuous-flow pilot-scale basis under 
different operating conditions and for different raw water characteristics. An advantage of 
working on a continuous-flow basis is the ability to run the resin to exhaustion in order to 
investigate regeneration effects, and to examine the competitive affects of inorganic anions.  
The operating conditions investigated in this research included the resin regeneration ratio 
and the steady-state concentration of resin in the contactors. The raw water source for this 
study was selected because it had a moderate DOC concentration and a low concentration of 
anions which afforded the authors an opportunity to spike the raw water with bromide, 
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chloride, and sulfate to evaluate competition effects. The impact of MIEX resin treatment 
was analyzed based on removal of UV-absorbing substances, DOC, and bromide. Size 
exclusion chromatography (SEC) analysis, coagulation jar-tests, chlorine-demand studies, 
and equilibrium studies were also conducted on raw and treated water samples to 
complement the UV and DOC pilot-scale results. 
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FIGURE 4.1 Illustrative example of batch-testing results using MIEX resin for various raw 
waters. Data from Singer and Bilyk, 2002; Boyer and Singer, 2005. 
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TABLE 4.1 Illustrative Pilot Plant Data 
Location DOC 
(mg/L) 
SUVA254 
(L/mg·m)
Sulfate
(mg/L)
Alkalinity 
(mg/L as CaCO3) 
% DOC removal
New Port Richey, FLa 1.9 5.6 18 200 65–77 
Charleston, SCa 5.0 4.3 15 27 58–70 
Palmdale, CAb 4.2 2.1 29–41 126 52–60 
Northern KYa 1.8 4.6 75 113 47–61 
Southern NVa 2.3 1.2 246 288 23–44 
a Budd et al., 2005. b Fonseca et al., 2005. 
 
 
4.4 EXPERIMENTAL PROCEDURES 
4.4.1 Pilot Plant Description and Operation 
Orica Watercare of Watkins, CO provided a 7.6 L/min pilot plant and MIEX resin. 
The pilot plant was set up at the Brown Water Treatment Plant in Durham, NC, which treats 
surface water from Little River Reservoir. The pilot plant was operated from May 2004 to 
December 2004. Multiple raw water and pilot plant effluent (i.e., MIEX-treated water) 
samples were taken daily and monitored for DOC, UV254, pH, and turbidity. Additional raw 
water and effluent samples were collected periodically for SEC analysis, coagulation jar-
tests, and chlorine-demand studies. Figure 4.2 shows a process schematic of the pilot plant. 
Briefly, raw water and MIEX resin were combined in the first of two completely mixed 
contactors; the water with the suspended MIEX resin flowed through the two contactors in 
series. The water/MIEX resin suspension flowed from the contactors to an upflow clarifier 
where the treated water and resin were separated. Depending on the desired resin 
regeneration ratio, 85–99% of the settled resin was pumped back to the first contactor, and 
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the remaining 1–15% of the settled resin was pumped to the batch regeneration tank and 
regenerated with a saturated sodium chloride solution. 
Table 4.2 outlines the test plan for the pilot plant study. For all tests, a constant 
hydraulic residence time (HRT) of 20 min was maintained while the resin regeneration ratio 
and the concentration of resin in the contactors were varied. The effective resin dose (ERD), 
in units of mL/L, is defined as the steady-state concentration of MIEX resin in the contactors 
multiplied by the resin regeneration ratio. To investigate the impact of competing anions on 
MIEX resin performance, a concentrated spiking solution was prepared and mixed with the 
raw water. Table 4.2 shows the concentration of bromide, chloride, and sulfate in the 
background raw water (Runs 1–5), and the target anion concentrations for the spiking studies 
(Runs 6–11). The spiking solutions were prepared by dissolving a predetermined mass of 
sodium chloride (low-bromide salt; Morton Salt International, Grantsville, UT), sodium 
bromide (Fisher Scientific, Fair Lawn, NJ), and sodium sulfate (Fisher Scientific, Fair Lawn, 
NJ) in the desired volume of tap water. The spiking solution was pumped (Masterflex L/S, 
Cole-Parmer Instrument Co., Vernon Hills, IL) to the first contactor, where it was mixed with 
influent raw water, recycled resin, and freshly regenerated resin. The flow rate of the spiking 
solution was controlled with a valved acrylic flowmeter (Cole-Parmer Instrument Co., 
Vernon Hills, IL). 
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FIGURE 4.2 Schematic of MIEX pilot plant. 
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4.4.2 Additional Experiments 
Coagulation jar-tests, MIEX resin jar-tests, and chlorine-demand studies were 
conducted as previously described by Boyer and Singer (2005). Equilibrium adsorption 
isotherm studies were conducted by dosing 0.2–4 mL/L MIEX resin to 250-mL French jars 
filled with raw Durham water from the Brown plant and continuously mixed for 12 days. 
Initial coagulation jar-tests, MIEX resin jar-tests, and all chlorine-demand and equilibrium 
studies were performed in duplicate to verify reproducibility. SEC was used to characterize 
the apparent molecular weight distribution of DOC in raw and treated water samples. 
Samples for SEC analysis were transferred to 100-mL plastic bottles without any 
preservatives and sent by overnight carrier in coolers with ice packs to the University of 
Colorado at Boulder (see Lee et al., 2004). All samples requiring filtration were filtered 
through pre-rinsed 0.45 µm membrane filters (Supor-450, Pall Corp., Ann Arbor, MI) as 
described by Boyer and Singer (2005). 
4.4.3 Analytical Methods 
UV absorbance was measured using either a Hitachi U-2000 spectrophotometer 
(Hitachi Instruments Inc., Danbury, CT) or a Hach DR 4000 spectrophotometer (Hach Co., 
Loveland, CO) as previously described by Boyer and Singer (2005).  
DOC was measured using a Shimadzu 5000 Total Organic Carbon Analyzer 
(Shimadzu Corp., Atlanta, GA) equipped with an ASI 5000 auto-sampler as previously 
described by Boyer and Singer (2005). All DOC samples were measured in duplicate. The 
reported value is the average of the duplicate values, provided the relative percent difference 
between duplicate samples and calibration check standards was less than ±10%.  
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Turbidity was measured using a Hach 2100N Turbidimeter (Hach Co., Loveland, 
CO).  
Bromide, chloride, and sulfate were analyzed using ion chromatography in 
accordance with U.S. Environmental Protection Agency Method 300.0 (1999). The samples 
were analyzed on a Dionex DX-300 Series Ion Chromatograph using an IonPac AG4A-SC 
guard column and AS4A-SC analytical column (Dionex Corp., Sunnyvale, CA). Standards 
were prepared from the following ACS grade salts: sodium chloride (Mallinckrodt Baker 
Inc., Paris, KY), sodium bromide (Fisher Scientific, Fair Lawn, NJ), and potassium sulfate 
(Fisher Scientific, Fair Lawn, NJ). Quality assurance was monitored through matrix spike 
recoveries, calibration check standards, and relative percent difference between duplicate 
samples.  
A Hach Chlorine Pocket Colorimeter (Hach Co., Loveland, CO) was used to measure 
low-level chlorine residuals from the chlorination experiments. 
4.5 RESULTS AND DISCUSSION 
4.5.1 Raw Water Characteristics 
Raw water characteristics for Little River Reservoir over the duration of the study, as 
provided by personnel at the Brown Water Treatment Plant, are summarized in Table 4.3. 
The raw water temperature varied from 26°C during the summer to 12°C in December. 
Humbert et al. (2005) evaluated treatment with MIEX resin on a batch basis and showed that 
varying temperature between 6 and 26°C had only a minor influence on DOC removal. 
Therefore, changes in raw water temperature were not expected to influence pilot plant 
performance appreciably. The alkalinity, hardness, conductivity, and chloride concentration 
indicate that the raw water had a low ionic strength. Between August and September, there 
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was a noticeable increase in the amount of UV-absorbing substances and DOC present in the 
raw water. This made direct comparisons of results from May to August with results from 
September to December somewhat challenging, as is often the case with extended pilot plant 
studies. The SUVA254 values for the raw water indicate that the concentration of UV-
absorbing substances and DOC increased proportionally (with the exception of December 
when the reservoir was undergoing turnover). This suggests that, for the most part, the 
physical and chemical characteristics of the aquatic NOM remained relatively constant over 
the course of the study. In general, based on previous research with Durham water, the raw 
water from Little River Reservoir was expected to be dominated by humic substances, be 
amenable to organic carbon removal by both coagulation and MIEX treatment, and have a 
high chlorine demand and subsequent DBP formation potential (Edzwald et al., 1985; White 
et al., 1997; Singer and Bilyk, 2002; Liang and Singer, 2003; Johnson and Singer, 2004).
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4.5.2 Continuous-Flow Pilot-Scale Testing 
4.5.2.1 Removal of DOC and UV-absorbing substances 
In developing the experimental plan, the authors expected that increasing either the 
resin regeneration ratio or the concentration of MIEX resin in the contactors, both of which 
influence the ERD, would result in increased NOM removal, but it was uncertain to what 
extent varying these operating parameters would influence performance. Since previous 
researchers have shown that MIEX resin treatment was insensitive to contact times ranging 
from 5 to 25 min (Booth et al., 2004; Mercer et al., 2004; Fonseca et al., 2005), the ERD is 
the only operating parameter needed to compare pilot plant results. Based on previous MIEX 
pilot plant studies (Booth et al., 2004; Hammann et al., 2004; Mercer et al., 2004; Budd et al., 
2005; Fonseca et al., 2005), the pilot plant was initially operated at a 20 min HRT, a 10% 
resin regeneration ratio, and a steady-state MIEX resin concentration of 20 mL/L (ERD = 2 
mL/L). These operating conditions resulted in substantial removal of UV-absorbing 
substances (79%) and DOC (74%). Based on these preliminary results, it was decided to 
evaluate the performance of treatment with MIEX resin at lower ERDs. All continuous-flow 
experiments were conducted at a HRT of 20 min. All subsequent discussions will define the 
operating conditions based on the regeneration ratio, the concentration of MIEX resin in the 
contactors, and the ERD. Due to the configuration of the pilot plant, the lower limit for the 
regeneration ratio was 1% and the lower limit for the resin concentration was 10 mL/L. 
Following preliminary testing, both the regeneration ratio and the steady-state MIEX 
resin concentration in the contactors were separately varied to investigate their impact on 
performance. For the first suite of tests (Runs 1, 3, and 5; see Table 4.2), the regeneration 
ratio was varied while the MIEX resin concentration in the contactors was maintained at 
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approximately 15 mL/L. For the second suite of tests (Runs 2–4; see Table 4.2) the steady-
state MIEX resin concentration was varied while a constant 2% regeneration ratio was 
maintained. Table 4.4 summarizes the duration of the tests, operating conditions, and average 
influent and effluent water quality characteristics. Average removals of DOC at a MIEX 
resin concentration of 15 mL/L and regeneration ratios of 1, 2, and 5% (ERDs of 0.16, 0.3, 
and 0.75 mL/L) were 64, 67, and 73%, respectively, with a coefficient of variation (CV) of 
less than 5% for each test. The average DOC removals at a 2% resin regeneration ratio and 
MIEX resin concentrations of 10, 15, and 20 mL/L (ERDs of 0.2, 0.3, and 0.4 mL/L) were 
62, 67, and 69%, respectively, with a CV of less than 6%. These results illustrate that 
substantial removal of UV-absorbing substances and DOC was achieved at low ERDs (i.e., 
0.16–0.4 mL/L). The substantial removal of NOM at these low ERDs was unexpected 
because previous studies have required operation at ERDs of 1–4 mL/L to achieve 
comparable removals (Booth et al., 2004; Hammann et al., 2004; Mercer et al., 2004; Budd et 
al., 2005; Fonseca et al., 2005). Table 4.4 also illustrates that, under the operating conditions 
investigated, the treated water SUVA254 was approximately equal to the raw water SUVA254. 
The equivalence of raw and treated water SUVA254 suggests that treatment with MIEX resin 
on a continuous-flow basis removes proportional amounts of UV-absorbing substances and 
DOC for raw waters characterized by a relatively high SUVA254 (i.e., >3 L/mg·m) and a low 
anionic strength. Similar results have been observed on a batch treatment basis (Singer and 
Bilyk, 2002; Johnson and Singer, 2004; Boyer and Singer, 2005). 
Figure 4.3 shows the impact of varying the resin regeneration ratio on the removal of 
DOC at a MIEX concentration of 15 mL/L. The symbols represent the individual 
measurements, while the lines represent the average value over the duration of the test. The 
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run time at which individual samples were collected was normalized by the corresponding 
solids residence time (SRT) to present results on an equivalent temporal basis. The SRT was 
defined as the HRT divided by the resin regeneration ratio. Given a HRT of 20 min, the 
SRTs for 1, 2, and 5% regeneration ratios are 33, 17, and 7 hr, respectively. Figure 4.3 
illustrates that steady-state operation, as indicated by a consistent effluent DOC 
concentration, was achieved after one SRT and was maintained over multiple SRTs. Because 
of the configuration of the pilot plant, testing at the 1% regeneration ratio posed operational 
challenges and resulted in more variable performance. Similar steady-state results were 
observed for the suite of tests where the resin regeneration ratio was held constant and the 
MIEX resin concentration was varied.  
Figure 4.4 displays SEC results for selected raw water and MIEX-treated effluent 
samples from the pilot plant. The raw water samples display two peaks corresponding to 
apparent molecular weights of approximately 10000–20000 Da (small peak; fraction 1) and 
1000–2000 Da (large peak; fraction 2). Figure 4.4 shows that treatment with MIEX resin 
effectively removed UV-absorbing substances and DOC corresponding to fraction 2. 
Treatment with MIEX resin had a negligible impact on fraction 1. It is probable that this high 
molecular weight fraction corresponds to colloidal humic material, in which case anion 
exchange would not be an effective removal process. In addition to this apparent colloidal 
residual, the DOC remaining after MIEX resin treatment appears to be of low molecular 
weight (<1000 Da) and has a low UV absorbance.  
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FIGURE 4.3 Impact of resin regeneration ratio on the removal of DOC (15 mL/L MIEX 
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FIGURE 4.4 Size exclusion chromatography results for selected raw water and effluent 
samples. 
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4.5.2.2 Anion spiking studies 
Because Durham raw water had a moderate concentration of DOC and a low 
concentration of anionic species, it was an ideal matrix for examining the performance of 
MIEX resin under different anionic compositions. We examined bromide removal because 
bromide is an important precursor in the formation of brominated DBPs, and the impact of 
sulfate because anion exchange resins tend to have a high selectivity for sulfate and elevated 
sulfate concentrations tend to inhibit DOC removal by ion exchange (Fu and Symons, 1990; 
Kim and Symons, 1991; Budd et al., 2005). Chloride was spiked at 333 times the bromide 
spike to reflect conditions in natural waters with high bromide concentrations (Johnson and 
Singer, 2004). An initial set of tests was conducted at elevated concentrations of bromide and 
chloride, and a second set of tests was conducted at elevated concentrations of bromide, 
chloride, and sulfate. The targeted anion concentrations and operating conditions are shown 
in Table 4.2, Runs 6–11. The influent concentration of DOC varied from 5.1–6.5 mg/L 
during this portion of the study, making direct comparisons between results from some of the 
runs difficult.  
Table 4.5 summarizes the impact of MIEX resin on the removal of organic matter and 
bromide under different operating conditions for the bromide-spiked feed (Runs 6–9; see 
Table 4.2). Table 4.5 shows results for ERDs of 0.8–3.0 mL/L. At an ERD of 0.8 mL/L, the 
effluent concentration of bromide was approximately equal to the influent concentration, 
whereas at ERDs greater than or equal to 1.5 mL/L, the effluent bromide concentration was 
reduced by 20–28% as a result of MIEX resin treatment. Budd et al. (2005) observed 
comparable bromide removal in Charleston, SC at ERDs of 1 and 2 mL/L. In general, Table 
4.5 illustrates that a substantial amount of UV-absorbing substances (>74%) and DOC 
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(>65%) were removed under the operating conditions investigated, indicating that the 
increased concentration of chloride that accompanied the bromide spike had a negligible 
impact on NOM removal.   
Table 4.6 summarizes the impact of elevated levels of sulfate on the removal of 
organic matter, bromide, and sulfate under different operating conditions (Runs 10 and 11; 
see Table 4.2). Comparing the results in Table 4.6 to those in Tables 4.4 and 4.5, it is clear 
that increasing the sulfate concentration decreases the removal of UV-absorbing substances, 
DOC, and bromide. For an ERD of 0.75 mL/L and background sulfate conditions, removal of 
DOC ranged from 66-73%, but DOC removal decreased to 51% when the sulfate 
concentration was increased to approximately 50 mg/L. For ERDs greater than or equal to 
1.5 mL/L, removal of bromide decreased from a high of 28% at background sulfate 
conditions to approximately 5% when the sulfate concentration was increased to 50 mg/L. 
Sulfate removals were 29 and 46% at ERDs of 0.75 and 2.0 mL/L, respectively. Fonseca et 
al. (2005) reported similar results under comparable raw water conditions, e.g., TOC 
removals were 52 and 58%, bromide removals were 7 and 25%, and sulfate removals were 
37 and 85% at ERDs of 1.4 and 3.4 mL/L, respectively. 
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4.5.3 Batch Experiments 
MIEX resin is designed to remove dissolved anions and not particulate material. In 
fact, depending upon the effectiveness of the solid-liquid separation process following the 
contactors, MIEX resin treatment can result in carry-over of resin fines to downstream 
treatment processes. Therefore, a solid-liquid separation sequence, such as coagulation, 
flocculation, and clarification, is required following treatment with MIEX resin. Figure 4.5 
illustrates the impact of batch coagulation experiments with alum on settled water turbidity 
for untreated raw water and effluent samples from the MIEX pilot plant. Figure 4.5 shows an 
approximate reduction in the coagulant dose of 67% following MIEX resin treatment, which 
is attributable to the removal of a substantial amount of coagulant-demanding organic 
material by MIEX resin. Previous evaluations of MIEX pre-treatment on a continuous-flow 
basis have also reported substantial reductions in coagulant demand (Mercer et al., 2004; 
Morran et al., 2004; Budd et al., 2005).   
Because chlorine reacts with NOM to form halogenated organic DBPs, chlorine 
demand is a common surrogate for DBP formation potential. Figure 4.6 displays the free 
chlorine residual for several raw water and MIEX resin effluent samples. All chlorine 
demand studies were conducted in duplicate with the average free chlorine residuals plotted; 
error bars represent one standard deviation. All chlorinated samples were incubated for 24 h 
in the dark at pH 8 and 20°C. Figure 4.6 shows that treatment with MIEX resin reduced the 
chlorine demand by approximately 50% compared with the raw water; this can be expected 
to translate to a similar reduction in trihalomethane and haloacetic acid formation. 
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FIGURE 4.5 Impact of coagulation with alum on settled water turbidity. 
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FIGURE 4.6 Illustration of reduction in chlorine demand for MIEX-treated effluents 
compared to raw waters. 
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4.5.4 Regeneration 
Evaluating MIEX resin treatment on a continuous-flow basis allowed the authors to 
investigate the effectiveness of the regeneration process and to perform a mass balance on the 
DOC removed. Exhausted or partially-exhausted anion exchange resins are typically 
regenerated by converting the resins back to their original chloride form. The exchange 
capacity of freshly regenerated MIEX resin, as measured by removal of UV-absorbing 
substances, was periodically evaluated throughout the study to assess the effectiveness of 
regeneration. The recovery in ion exchange capacity of regenerated MIEX resin with respect 
to virgin MIEX resin was excellent, ranging from 92–106% (n = 4). The effectiveness of the 
regeneration process (i.e., essentially complete recovery in ion exchange capacity) indicates 
that the NOM was reversibly bound to the MIEX resin through electrostatic interactions, and 
strongly suggests that ion exchange accounts for the interactions between NOM and MIEX 
resin. 
A mass balance, based on DOC, was performed on the pilot plant for every testing 
condition (n = 12) to further evaluate the regeneration process. The mass of DOC removed 
by MIEX resin treatment per regeneration cycle (MT) was calculated by: 
RQ
CCVQM
R
efflinflFRTin
T
)( −
= ,                                                                                                 (4.1) 
where Qin is the influent flow rate to the pilot plant, VFRT is the initial volume of the 
water/MIEX resin slurry in the fresh resin tank, Cinfl and Ceffl are influent and effluent DOC 
concentrations, respectively, QR is the pumping rate of the regeneration pump, and R is the 
regeneration ratio. The mass of DOC recovered during each regeneration cycle (MR) was 
calculated by: 
2R1RBBR CVCVCVM ++= ,                                                                                                (4.2) 
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where VB is the volume of sodium chloride brine used during regeneration, CB is the DOC 
concentration in the waste brine, VR is the volume of rinse water, and C1 and C2 are the DOC 
concentrations in the waste water from the first and second rinse, respectively. The ratios of 
DOC in the rinse waters to DOC in the waste brine were approximately constant (C1/CB = 
0.36, CV = 3%; C2/CB = 0.07, CV = 11%). Figure 4.7 shows the correlation between the 
mass of DOC recovered during regeneration (MR) and the mass of DOC removed by MIEX 
resin treatment (MT). The solid line corresponds to the theoretical 1:1 line (i.e., y = x) if all 
DOC removed by MIEX resin treatment was recovered during regeneration. In general, 
excellent closure is achieved for the mass balance. For the run at 1% regeneration and 15 
mL/L MIEX resin, operational problems were encountered that resulted in only one brine 
sample being collected (solid square in Figure 4.7). For all other testing conditions, multiple 
waste brine and waste rinse water samples were collected and analyzed (open squares in 
Figure 4.7). For these samples, the average MR is plotted with error bars representing one 
standard deviation. The effectiveness of regeneration is shown clearly in Fig 4.7 and further 
supports the assertion that treatment with MIEX resin removes DOC by ion exchange. 
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FIGURE 4.7 Illustration of mass balance between DOC removed by pilot plant and DOC 
recovered during regeneration. 
 
4.5.5 Unifying Considerations 
Previous batch treatment experiments have shown that MIEX resin treatment is an 
effective process for removing DOC (Singer and Bilyk, 2002; Drikas et al., 2003; Lee et al., 
2003; Fearing et al., 2004; Johnson and Singer, 2004; Boyer and Singer, 2005). To date, 
batch experiments have provided only minimal guidance for designing continuous-flow pilot-
scale testing programs, i.e., choosing operating conditions such as resin regeneration ratios 
and resin concentrations. Previous researchers investigating MIEX resin treatment on a 
continuous-flow basis have made semi-quantitative observations relating process 
performance to operating conditions and raw water quality (Booth et al., 2004; Hammann et 
al., 2004; Mercer et al., 2004; Budd et al., 2005; Fonseca et al., 2005), but have not related 
their pilot-plant results to previous batch treatment results. Therefore, the authors of this 
study sought to unify batch and continuous-flow results to aid in future continuous-flow 
testing. The fraction of MIEX resin saturation, which represents the ratio of ion exchange 
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sites occupied by DOC to total ion exchange sites, was found to be a useful concept in this 
regard. 
The fraction of resin saturation was derived by starting with a general mass balance 
based on DOC removal as shown in the following equation: 
)(efflefflinfl ERDqCC ρ=− ,                                                                                                    (4.3) 
where qeffl is the mass of DOC removed per mass of MIEX resin, ρ is the density of MIEX 
resin, and other variables are as defined previously. Since the interaction between MIEX 
resin and DOC was shown in the previous section to be dominated by ion exchange, the mass 
balance can be viewed in terms of equivalents of material exchanged. The equivalents of 
DOC loaded onto a mass of resin can be derived by combining Equation (4.3) and the charge 
density of NOM:   
)(
)( efflinfl
effl ERD
CCZ
f
ρ
−
= ,                                                                                                           (4.4) 
where feffl is the equivalents of DOC per mass of resin and Z is the charge density of NOM 
which was assumed to be 10 meq/g organic carbon at pH 7 based on work by Dempsey and 
O’Melia (1983). Anion exchange resins have a finite ion exchange capacity which is often 
expressed in units of equivalents of chloride per volume of resin. Therefore, the fraction of 
MIEX resin saturation can be expressed by normalizing Equation (4.4) by the chloride 
exchange capacity of MIEX resin: 
)(
)( efflinfl
max
effl
ERDY
CCZ
f
f −
= ,                                                                                                         (4.5) 
where fmax is the equivalents of chloride per mass of resin and Y is an estimate of the chloride 
exchange capacity of MIEX resin as provided by Orica Watercare. Equation (4.5) can be 
applied to both batch equilibrium data (from adsorption isotherm experiments) and 
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continuous-flow pilot plant data. For batch equilibrium experiments the ERD is equal to the 
MIEX dose. 
The fraction of MIEX resin saturation as a function of the ERD is shown in Figure 
4.8. The open circles are for continuous-flow pilot plant data and the solid circles are for 
batch equilibrium data. Figure 4.8 clearly shows that both continuous-flow and batch data 
follow the same trend.  The concurrence of the data points in Figure 4.8 is very interesting 
because it implies that batch experiments can be used to guide continuous-flow pilot testing. 
As a first approximation, Equation (4.3) shows that the effluent concentration of DOC can be 
estimated based on raw water characteristics and results from batch isotherm tests. This can 
provide insight into whether pilot testing should be done at an ERD of 0.2 mL/L (e.g., 1% 
regeneration ratio and 20 mL/L MIEX resin) or an ERD of 4 mL/L (e.g., 20% regeneration 
ratio and 20 mL/L MIEX resin). Similarly, models predicting powdered activated carbon 
performance in completely mixed flow reactors have been developed based on batch 
equilibrium and kinetic experiments (e.g., Najm, 1996; Campos et al., 2000a; Campos et al., 
2000b). Figure 4.8 also illustrates that as the ERD decreases, the fraction of MIEX resin 
saturation increases, e.g., the fraction of MIEX resin saturation increases from less than 5% 
to approximately 60% when the ERD decreases from 4 to 0.15 mL/L, and the resin 
approaches saturation with DOC. At higher ERDs, however, a greater amount of organic 
material is removed. Therefore, Figure 4.8 illustrates the optimization problem that must be 
considered between increasing the ERD to maximize NOM removal and decreasing the ERD 
to minimize the unused capacity of MIEX resin and lessen the quantity of waste brine 
associated with less frequent regeneration. 
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FIGURE 4.8 Impact of effective resin dose on fractional degree of resin saturation; 
comparison of batch equilibrium and continuous-flow pilot plant data. 
 
4.6 CONCLUSIONS 
The primary objective of this research was to investigate the impact of operating 
conditions and raw water characteristics on continuous-flow MIEX resin treatment. The 
conclusions of this research are as follows: 
• Substantial removal of NOM was achieved at ERDs as low as 0.16 mL/L, with 
additional NOM removal at higher ERDs. 
• Bromide removal of 20–28% was achieved, but only for ERDs greater than or equal 
to 1.5 mL/L at background sulfate concentrations on the order of 10 mg/L sulfate. 
• Increasing the sulfate concentration in the raw water to approximately 50 mg/L 
resulted in decreased removal of DOC, UV-absorbing substances, and bromide. 
• Batch treatment experiments showed that pre-treatment with MIEX resin reduced the 
subsequent coagulant demand by approximately 67% and the chlorine demand by 
approximately 50% relative to the raw water. 
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• MIEX resin recovers its exchange capacity for DOC after regeneration with sodium 
chloride brine. The recovery in ion exchange capacity of regenerated MIEX resin was 
found to be 92–106%. Mass balance calculations showed that the mass of DOC 
recovered during regeneration was equal to the mass of DOC removed during 
treatment. 
• The fraction of MIEX resin saturation was found to be a useful unifying concept 
linking batch treatment and continuous-flow pilot plant results. Batch treatment and 
continuous-flow experiments were found to give consistent DOC removals when 
viewed in terms of the fraction of MIEX resin saturation. The fraction of resin 
saturation increases with decreasing ERD. 
  
CHAPTER 5: MODELING THE REMOVAL OF DISSOLVED ORGANIC CARBON 
BY ION EXCHANGE IN A COMPLETELY MIXED FLOW REACTOR4 
 
 
5.1 ABSTRACT 
A mathematical model was developed to describe removal of dissolved organic 
carbon (DOC) by a macroporous, strong-base anion exchange resin in a completely mixed 
flow reactor with resin recycle and partial resin regeneration. The two-scale model consisted 
of a microscale model describing uptake of DOC by the resin coupled with a macroscale 
model describing the continuous-flow process. Equilibrium and kinetic parameters were 
estimated from batch laboratory experiments. The model was validated using continuous-
flow data from two pilot plant studies. Model predictions were found to be in good 
agreement with the observed pilot plant data. 
5.2 NOMENCLATURE 
c Concentration of removable solute in pore fluid (M/L3) 
C Effluent concentration of removable solute (M/L3) 
C' Effluent concentration of total solute (M/L3) 
Ce Effluent concentration of removable solute at equilibrium (M/L3) 
C0 Influent concentration of removable solute (M/L3) 
C0' Influent concentration of total solute (M/L3) 
Da Apparent diffusivity (L2/T) 
Dl Free-liquid diffusivity (L2/T) 
                                                
4
 Reproduced with permission from Boyer, T.H., Miller, C.T., Singer, P.C., 2008. Modeling 
the removal of dissolved organic carbon by ion exchange in a completely mixed flow reactor. 
Water Research in press. doi:10.1016/j.watres.2007.11.018 Copyright 2008 Elsevier. 
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Dp,e Effective pore diffusion coefficient (L2/T) 
E(t) Residence time distribution of resin (1/T) 
F Microscale mass flux (M/L2·T) 
fN Non-removable fraction of solute (dimensionless)  
fR Resin regeneration ratio (dimensionless) 
g(ta) Particle age probability density function (dimensionless) 
h(R) Particle size probability density function (dimensionless) 
KD Linear distribution coefficient (L3/M) 
m' Rate of addition/removal of resin (M/T) 
ms Mass of solid phase (M) 
Ms-a Interphase mass exchange (M/T) 
Nage Number of resin particle age-classes (dimensionless) 
Nsize Number of resin particle size-classes (dimensionless) 
q Solid phase solute concentration (M/M) 
Q Volumetric flow rate (L3/T) 
r Radial distance from center of particle (L) 
R Resin particle radius (L) 
t Time (T) 
ta Resin particle age (T) 
V Reactor volume (L3) 
XR Volume fraction of resin (L3/L3) 
εp Resin porosity (L3/L3) 
κ(t) Residence time function (1/T) 
ρa Apparent resin density (M/L3) 
ρs Solid phase density (M/L3) 
τ Resin tortuosity (dimensionless) 
τH Hydraulic residence time (T) 
τS Solids residence time (T) 
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5.3 INTRODUCTION 
During drinking water treatment, dissolved organic carbon (DOC) reacts with 
chlorine to form halogenated organic disinfection byproducts (DBPs), e.g., trihalomethanes, 
haloacetic acids, haloacetonitriles, haloketones, halonitromethanes, and haloaldehydes 
(Krasner et al., 2006). Health risks, such as bladder cancer and adverse reproductive 
outcomes, have been attributed to consumption of water that contains these and other DBPs 
(Villanueva et al., 2007). A common strategy for reducing the formation of DBPs is to 
remove the DBP precursors (i.e., DOC) prior to disinfection via processes such as enhanced 
coagulation, granular activated carbon adsorption, nanofiltration, lime softening, and ion 
exchange (Thompson et al., 1997; Karanfil et al., 1999; Bolto et al., 2002b). Of particular 
interest in the present work is a magnetic ion exchange (MIEX) resin that has been 
extensively studied for removal of DOC from raw drinking waters (Drikas et al., 2003; 
Fearing et al., 2004; Johnson and Singer, 2004; Mercer et al., 2004; Boyer and Singer, 2005; 
Humbert et al., 2005; Boyer and Singer, 2006; Singer et al., 2007). The MIEX resin is a 
macroporous, polyacrylic, strong-base anion exchange resin. The resin is used in a suspended 
manner in a completely mixed flow reactor (CMFR) in which a majority of the resin is 
recycled and a fraction of the resin is regenerated; Figure 5.1 shows a schematic of the 
continuous-flow process. Continuous-flow studies have shown that pre-treatment with MIEX 
resin results in a substantial removal of DOC, thereby decreasing subsequent chemical 
requirements (i.e., coagulant and chlorine) and reducing the formation of DBPs (Mercer et 
al., 2004; Boyer and Singer, 2006; Singer et al., 2007). Due to the variability in raw drinking 
water quality, however, bench-scale batch experiments in combination with pilot-scale 
continuous-flow studies are often required on a site-specific basis to assess the efficacy of ion 
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exchange treatment for the removal of DOC. An alternative to extensive pilot-scale testing is 
to use a model that would predict process performance in different waters under varying 
operating scenarios and inform the direction of experimental testing. 
Accordingly, the objective of this research was to formulate a mathematical model to 
describe DOC removal by ion exchange in a CMFR with resin recycle and partial resin 
regeneration. The two-scale model consisted of a microscale model describing uptake of 
DOC by the resin coupled with a macroscale model describing the continuous-flow process. 
The transport equations were solved numerically using a finite element scheme. Equilibrium 
and kinetic parameters were estimated from laboratory experiments using three raw drinking 
waters. The model was evaluated by comparing predictions from the model to results 
obtained from two continuous-flow pilot plant studies (Mercer et al., 2004; Boyer and Singer, 
2006). 
 
 
 
FIGURE 5.1 Continuous-flow process schematic. 
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5.4 MATERIALS AND METHODS 
5.4.1 Experimental Procedures 
Three raw drinking waters were evaluated in this work. The waters were taken from 
North Bay Aqueduct (NBA) near Vacaville, CA, Sweetwater Lake (SL) in San Diego 
County, CA, and Durham, NC (see Boyer and Singer, 2005, 2006). Equilibrium and kinetic 
tests were conducted following the bottle-point isotherm procedure (Randtke and Snoeyink, 
1983). Briefly, varying amounts of MIEX resin (Orica Watercare, Watkins, CO) were added 
to the test water and mixed end-over-end at 25 revolutions per minute for a pre-determined 
length of time. Following this contact period, all samples were filtered through a pre-rinsed 
0.45 µm membrane filter (Supor-450, Pall Corp., Ann Arbor, MI), and analyzed for DOC 
using a Shimadzu TOC-5000 Total Organic Carbon Analyzer (Shimadzu Corp., Atlanta, 
GA). 
Data from two continuous-flow pilot plant studies were used to evaluate the 
predictive accuracy of the model (see Mercer et al., 2004; Boyer and Singer, 2006). The 
configuration of the pilot plants was similar to the process shown in Figure 5.1. Tables 5.1 
and 5.2 list the operating conditions tested at North Bay Aqueduct and Durham, respectively. 
At each process operating condition, multiple influent and effluent samples were collected 
and analyzed for DOC at Durham and total organic carbon (TOC) at North Bay Aqueduct. 
For most waters, DOC accounts for greater than 90% of TOC (Thurman, 1985). In addition, 
ion exchange only removes dissolved species. Therefore, all subsequent discussions will 
refer to the organic carbon concentration as DOC. It was assumed that all samples were 
collected at steady-state. 
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TABLE 5.1 Operating Conditions for NBA Pilot Plant Study (see Mercer et al., 2004) 
Run Regeneration ratio (%) MIEX resin (mL/L) Hydraulic residence time (min)
1 10 20 19 
2 10 15 19 
3 10 10 19 
4 10 5 19 
5 10 30 10 
6 10 20 10 
7 10 15 10 
8 7.5 15 10 
9 5 15 10 
 
 
TABLE 5.2 Operating Conditions for Durham Pilot Plant Study (see Boyer and Singer, 
2006) 
Run Regeneration ratio (%) MIEX resin (mL/L) Hydraulic residence time (min)
* 2 15 20 
1 1 16 21 
2 2 10 21 
3 2 20 20 
4 5 15 21 
 
 
 
 
  90
5.4.2 Model Formulation 
A substantial amount of research has been devoted to the mathematical modeling of 
the sorption kinetics of completely-mixed systems (Najm, 1996; Traegner et al., 1996; 
Bautista et al., 2000; Campos et al., 2000a; Soriano et al., 2002). Common assumptions made 
in the above-referenced research include: steady-state operation of continuous-flow systems; 
homogeneous, spherical sorbent media; microscale transport described by radial diffusion; 
negligible resistance to mass transfer across the boundary layer surrounding the sorbent 
particle; local equilibrium between liquid and solid phases; and model calibration using 
equilibrium and kinetic parameters obtained from batch laboratory experiments. 
The microscale system to be modeled in this research was an individual, spherical ion 
exchange resin particle that included a porous solid phase and an aqueous phase; the 
macroscale (i.e., overall) system to be modeled was a CMFR with resin recycle and partial 
resin regeneration. The overall system consisted of MIEX resin and an aqueous phase 
containing DOC. The DOC was classified into two fractions: a fraction that was removable 
by ion exchange and a fraction that was non-removable by ion exchange. It was assumed that 
the removable fraction of DOC could be treated as a single solute since MIEX resin has been 
shown to remove a wide range of organic acid and molecular weight fractions of DOC 
(Boyer and Singer, 2005). The concentration of the non-removable fraction of DOC 
remained constant. All mass balance expressions were derived for non-steady-state 
conditions. 
5.4.2.1 Microscale model 
Based on a review of ion exchange and adsorption literature, uptake of DOC by a 
polymeric, macroporous, anion exchange resin was modeled by intraparticle pore diffusion 
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with no external mass transfer resistance (Weaver and Carta, 1996; Li and SenGupta, 2000; 
Chen et al., 2002). In the pore diffusion model, the driving force for intraparticle mass 
transfer is the solute concentration gradient in the liquid-filled pores. The pore diffusion 
model, in spherical coordinates, is as follows: 
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where εp is the resin porosity (L3/L3), c is the solute concentration in the pore fluid (i.e., 
microscale aqueous phase) (M/L3), t is time (T), ρs is the solid phase density (M/L3), q is the 
solute concentration on the solid phase (M/M), Dp,e is the effective pore diffusion coefficient 
(L2/T), r is the radial distance from the center of the resin particle (L), R is the resin particle 
radius (L), and C is the solute concentration in the bulk fluid (i.e., macroscale aqueous phase) 
(M/L3). Both c and C are concentrations of the solute fraction that is removable by ion 
exchange. The relationship between the concentrations of the removable solute fraction and 
the total solute (i.e., the sum of the removable and non-removable fractions) is as follows: 
0N0 )1( CfC ′−= ,                                                                                                                   (5.5)  
0NCfCC ′−′= ,                                                                                                                     (5.6) 
where C0 and C are the initial and time-varying concentrations of removable solute (M/L3), 
respectively, C0' and C' are the initial and time-varying concentrations of total solute (M/L3), 
respectively, and fN is the fraction of solute that is non-removable by ion exchange. It was 
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assumed that the resin was homogeneous (constant εp and ρs) and that Dp,e was independent 
of the solute concentration. At time equal to zero, all of the resin is fresh, i.e., there is no 
DOC sorbed on the resin. The boundary conditions enforce symmetry at the center of the 
resin particle and set the solute concentration at the particle boundary equal to the time-
varying solute concentration in the bulk fluid. A linear equilibrium model was used to 
describe the relationship between the solute concentration in the pore fluid and the solute 
concentration on the solid phase. The final expression for intraparticle pore diffusion, 
assuming local linear equilibrium between the pore fluid and solid phase, is defined as 
follows: 
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where KD is the linear distribution coefficient (L3/M) and the term in brackets on the right 
side of the equation is known as the retardation factor. 
The mass flux of solute from the macroscale aqueous phase into a resin particle at its 
boundary (F (M/L2·T)) is written as follows: 
Rrr
cDF
=
∂
∂
= ep,pε .                                                                                                                (5.8) 
Equation (5.8) is only valid for a system where all particles have the same size and all 
particles spend the same amount of time in the reactor. It will be shown later that the mass 
flux of solute from the macroscale aqueous phase into a resin particle at its boundary can be 
modified to account for multiple size-classes and age-classes of resin particles. 
5.4.2.2 Macroscale model 
The CMFR model assumes the following: a well-mixed contactor, constant mass of 
resin in the contactor, all DOC removal takes place in the contactor, and complete solid-
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liquid separation after the contactor. The mass balance over the CMFR system is written as 
follows: 
sa
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where V is the volume of bulk fluid in the contactor (L3), Q is the volumetric flow rate into 
and out of the system (i.e., contactor) (L3/T), C0 is the influent solute concentration, which is 
also equal to the initial solute concentration as defined in the previous section (M/L3), C is 
the effluent solute concentration from the contactor, which is also equal to the solute 
concentration in the bulk fluid as defined in the previous section (M/L3), and Ma-s is the total 
interphase mass exchange of solute from the macroscale aqueous phase to the solid phase 
(M/T). Note that MIEX resin is suspended in the bulk fluid. The performance of the CMFR 
system is controlled by adjusting the hydraulic residence time (τH (T)), the resin regeneration 
ratio (fR), and the volume fraction of resin in the contactor (XR  (L3/L3)). These parameters are 
defined as follows: τH is equal to V divided by Q, fR is the ratio of the rate of clean resin 
entering the system to the rate of total resin entering the system, and XR is the volume of wet 
settled resin per volume of bulk fluid. In addition, the solids residence time (τS (T)) and the 
total mass of solids in the system (ms (M)) are defined as follows: 
R
H
S f
τ
τ = ,                                                                                                                             (5.11) 
VXm aRs ρ= ,                                                                                                                     (5.12) 
where ρa is the apparent resin density, which is defined as the mass of solid resin per volume 
of wet settled resin (M/L3).   
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The total interphase mass exchange of solute from the bulk fluid to the solid phase 
couples the microscale model to the macroscale model as follows: 
R
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where F is the microscale mass flux defined in Equation (5.8). Equation (5.13) is only valid 
for a system where all resin particles have the same size and all particles spend the same 
amount of time in the reactor. 
5.4.2.3 Incorporation of multiple particle sizes and ages 
Most adsorption modeling approaches assume a uniform particle size for the 
adsorbent (Najm, 1996; Campos et al., 2000a). However, some researchers have incorporated 
multiple particle size-classes into sorption kinetics (Wu and Gschwend, 1988; Pedit and 
Miller, 1995; Traegner et al., 1996). Figure 5.2 shows a representative plot of particle size 
data for the MIEX resin. The size distribution of the resin is multi-modal and spans 
approximately two orders of magnitude. Thus, to adequately model the uptake of DOC by the 
MIEX resin, the two-scale model must account for multiple particle sizes. This was 
accomplished by grouping the raw particle size data into multiple size bins; each size bin 
represented at least 1% of the cumulative particle frequency on a mass basis. The 
representative radius for each particle size class was calculated as the geometric mean of the 
lower and upper radii of each bin; the corresponding mass fraction for each bin was 
calculated as the difference in the cumulative particle frequency at the upper and lower radii. 
The total number of particle size classes is referred to as Nsize. It was assumed that the size 
distribution of the resin was independent of time.   
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Due to the nature of a CMFR, all of the particles do not exit at the same time; rather, 
the age of particles in a CMFR follow a residence time distribution (RTD). The RTD for an 
ideal CMFR is defined as follows: 
( )ttttE )(exp)()( κκ −= ,                                                                                                     (5.14) 
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=κ ,                                                                                                                          (5.15) 
where κ(t) is the residence time function (1/T) and m' is the rate of addition/removal of solid 
phase media (M/T). For a CMFR with resin recycle and partial resin regeneration, and for the 
case of constant supply/removal of resin, κ(t) is constant and equal to the inverse of the solids 
residence time (which is a function of both the hydraulic residence time and the resin 
regeneration ratio). A Monte Carlo approach was used to model the RTD of particles in the 
CMFR. This was accomplished by dividing the total mass of resin in the system into a 
predetermined number of particle age-classes (Nage). Each particle age class was further 
subdivided to account for the particle size distribution, as discussed above. This resulted in 
Nage×Nsize particle classes. The general algorithm for the Monte Carlo approach was to march 
forward in time, and at appropriate temporal increments, randomly select one particle age 
class and replace it with fresh resin. This procedure maintained a constant particle size 
distribution for the resin in the contactor. The frequency of particle replacement was a 
function of the number of particle age-classes, hydraulic residence time, resin regeneration 
ratio, and the discrete time step taken by the numerical integration approximation. Note that 
the Monte Carlo scheme outlined above can be generalized to other RTDs, including cases of 
time-varying supply/removal of resin.  
Multiple particle size- and particle age-classes were incorporated into Equations (5.8), 
(5.9), (5.12), and (5.13) to yield the two-scale model as follows: 
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where ta is the resin particle age (T), g(ta) is the particle age probability density function, and 
h(R) is the particle size probability density function. In the Monte Carlo approach discussed 
above, the integrals in Equation (5.16) were replaced with discrete approximations and 
summed over Nsize and Nage as follows:   
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In this discrete approach, the particle size probability density function was 
approximated as the mass fraction in each size bin and the particle age probability density 
function, which defined the fraction of mass replaced over a time increment, was set equal to 
one divided by Nage. 
In a batch system, there are no flow terms and the age of resident particles is constant 
and equal to the contact time. Thus, Equation (5.17) was simplified to describe ion exchange 
kinetics in a batch reactor as follows: 
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Equation (5.18) was used to fit the effective pore diffusion coefficient to batch kinetic data. 
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FIGURE 5.2 MIEX resin particle size data (provided by Orica Watercare). 
 
5.4.2.4 Implementation 
All modeling work was done in MATLAB (The MathWorks, Inc., Natick, MA).  
Spatial derivatives were approximated using the Galerkin Finite Element Method; cubic 
Lagrange polynomials were used for basis and test functions. Spatial nodes were chosen to 
yield equal volume cubic elements; nodes were spaced equidistant within each element. The 
resulting system of ordinary differential equations (ODEs) were solved with higher order 
methods (i.e., ode15s in MATLAB) when possible. Since ode15s is a multi-step method, it 
requires temporal history. A drawback to the Monte Carlo technique was that it required the 
ODE solver to restart after every time step. A Backward Euler approach was used to 
approximate the temporal derivatives when ode15s was too slow. The governing equations 
were ordered to obtain a sparse, banded system, and were solved using a direct linear solver.   
To ensure numerical accuracy the model and its components were systematically 
evaluated. The numerical solution for pore diffusion and linear adsorption in a single porous 
particle (i.e., Equations (5.1)–(5.4), (5.7)) were verified by comparing model predictions to 
an analytical solution (Campos et al., 2000a). The agreement between the numerical 
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approximation and the analytical solution was very good, as shown in Figure 5.3a. It was 
confirmed that the numerical approximation was third-order correct in space, as expected for 
cubic Lagrange polynomials.   
Equation (5.18) was used to evaluate the spatial discretization of the two-scale model.  
For a single particle size, Figure 5.3b shows that the numerical solution for Equation (5.18) 
was in good agreement with an analytical solution presented by Crank (1975) and Weber and 
DiGiano (1996).  In Figure 5.3b, Ce is the solute concentration at equilibrium (M/L3) and Da 
(L2/T) is the apparent diffusivity (i.e., Dp,e divided by the retardation factor). Using Equation 
(5.18), it was determined that 16 cubic elements were sufficiently accurate to approximate 
the spatial derivatives. It was also confirmed that the numerical methods describing removal 
of DOC in the batch system conserved mass. The particle size data was accurately 
represented by 28 particle size-classes. Equation (5.17) was used to evaluate the number of 
particle age-classes and its impact on the temporal integration approximation. It was 
demonstrated that 80 particle age-classes resulted in a smooth effluent concentration profile, 
accurately approximated the particle age distribution, and conserved mass. 
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FIGURE 5.3 Illustrative agreement between numerical methods and analytical solutions: 
(a) intraparticle concentration profile in a single spherical porous particle and (b) fractional 
uptake of solute by spherical porous particles in a batch reactor. 
 
5.5 RESULTS AND DISCUSSION 
5.5.1 Estimation of Equilibrium and Kinetic Parameters 
Table 5.3 lists the relevant physical properties of MIEX resin as provided by the 
manufacturer (Orica Watercare, Watkins, CO). Table 5.4 lists several water quality 
parameters for the waters examined (Boyer and Singer, 2005, 2006). The specific ultraviolet 
(UV) absorbance (SUVA) is defined as the UV absorbance at 254 nm normalized by the 
DOC concentration.  Croue et al. (1999b) reported that SUVA was directly related to the 
aromatic carbon content and molecular weight of natural organic matter (NOM). Alkalinity 
and bromide are provided as surrogates for the inorganic composition of the waters; the exact 
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composition of the raw waters was not known. Table 5.4 shows that the three raw waters 
studied varied in both NOM character and ionic strength. Sweetwater Lake water was 
characterized by less aromatic (i.e., more hydrophilic) DOC and high ionic strength, whereas 
North Bay Aqueduct and Durham waters had a higher proportion of aromatic DOC and a 
lower ionic strength.   
Figure 5.4 shows the results of several batch equilibrium experiments. Linear 
distribution coefficients (KD) were obtained by fitting linear isotherms to the equilibrium 
data. Although ion exchange isotherms are generally non-linear, linear isotherms have been 
shown to be appropriate when the concentration of solute is low and the ion exchange resin 
has a high selectivity for the solute (Li and SenGupta, 2000). The agreement between the 
equilibrium data and linear isotherms is reasonably good, as shown in Figure 5.4. The non-
removable fraction of DOC (fN) was determined by extending the linear isotherms to the x-
axis and then dividing the concentration of non-removable DOC by the initial concentration 
of DOC. Figure 5.4 illustrates an inverse relationship between KD and fN, with MIEX resin 
having the greatest affinity for DOC in Durham water and the lowest affinity for DOC in 
Sweetwater Lake water. Previous work by the authors showed that MIEX resin removed 
more DOC from high-SUVA, low ionic strength waters (Boyer and Singer, 2005) and that 
increasing the concentration of competing anions (e.g., sulfate) resulted in lower removal of 
DOC (Boyer and Singer, 2006). 
The effective pore diffusion coefficient (Dp,e) was the sole fitting parameter used in 
this modeling work. A nonlinear least squares regression routine in MATLAB was used to 
determine Dp,e so as to find the best fit between Equation (5.18) (i.e., intraparticle pore 
diffusion in a batch reactor) and the experimental kinetic data. No batch laboratory kinetic 
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data were available for Durham water. Accordingly, Dp,e for Durham water was estimated 
using continuous-flow pilot plant data as shown below. Note that for all cases, Dp,e was fitted 
to the removable fraction of DOC by subtracting the fraction of non-removable DOC from 
the kinetic data.   
Figure 5.5 illustrates the kinetics of DOC uptake by MIEX resin in Sweetwater Lake 
and North Bay Aqueduct waters, and Table 5.5 lists the corresponding diffusion coefficients. 
Although Dp,e was fitted to the removable fraction of DOC; the y-axis shows the total 
concentration of DOC in order to illustrate the difference in removal of DOC between the 
test waters. The batch kinetic data are shown as solid symbols, while the model fits using 
Equation (5.18) are shown as solid lines. Figure 5.5 shows that the model simulations using 
the best-fit Dp,e agree well with the limited amount of kinetic data available. As expected 
based on the equilibrium isotherms, DOC in Sweetwater Lake water is more recalcitrant to 
removal by MIEX resin than DOC in North Bay Aqueduct water. To investigate the 
appropriateness of the estimated diffusion coefficients, the free-liquid diffusivity (Dl (L2/T)) 
was calculated using the following relationship (Weber and DiGiano, 1996): 
τep,l DD = ,                                                                                                                         (5.19) 
where τ is the resin tortuosity. The tortuosity of MIEX resin was not known; a tortuosity of 3 
was assumed based on work with other macroporous resins (Li and SenGupta, 2000). Table 
5.5 lists the corresponding Dl for each test water and provides a range of Dl values for 
aquatic, terrestrial, and peat NOM reported in the literature. The estimated free-liquid 
diffusivities for Sweetwater Lake, North Bay Aqueduct, and Durham waters agree well with 
reported values for NOM considering the limited amount of published data available. 
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TABLE 5.3 Physical Properties of MIEX Resin (Provided by Orica Watercare) 
Parameter Value
εp 0.77 
ρs (g solid/cm3 solid) 1.47 
ρa (g solid/cm3 wet settled resin) 0.22 
 
 
TABLE 5.4 Illustrative Raw Water Quality Characteristics 
Water DOC 
(mg/L) 
SUVA 
(L/mg·m)
Alkalinity 
(mg/L as CaCO3)
Bromide 
(µg/L) 
Sweetwater Lake 5.1 2.0 188 540 
North Bay Aqueduct 5.1 3.8 149 76 
Durham 5.0–7.2 2.7–4.4 20–25 <25 
 
 
TABLE 5.5 Estimated Diffusion Coefficients 
Water Dp,e (m2/s) Dl (m2/s) 
Sweetwater Lake 0.53×10-10 1.6×10-10 
North Bay Aqueduct 0.38×10-10 1.1×10-10 
Durham 3.3×10-10 10×10-10 
Aquatic NOMa Not available 1.1–7.0×10-10 
Terrestrial/peat NOMb  Not available 0.023–3.7×10-10 
a Morris et al., 1999; Lead et al., 2000; Wang et al., 2001; Moon et 
al., 2006. b Pinheiro et al., 1996; Morris et al., 1999. 
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FIGURE 5.4 Illustrative linear equilibrium isotherms. 
 
 
 
 
FIGURE 5.5 Kinetics of DOC uptake by MIEX resin (MIEX resin dose: SL I = 1 mL/L, SL 
II = 4 mL/L, and NBA = 2 mL/L). 
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5.5.2 Model Verification 
5.5.2.1 North Bay Aqueduct 
Equation (5.17) was used to model the removal of DOC by MIEX resin in a CMFR 
with resin recycle and partial resin regeneration. Inputs to the model included: numerical 
conditions (e.g., number of cubic elements), CMFR operating conditions (see Table 5.1), 
resin properties (see Table 5.3), and DOC properties (see Table 5.5 and Figure 5.4). As 
mentioned previously, the key process parameters used to control the performance of the 
CMFR were the hydraulic residence time, resin regeneration ratio, and volume fraction of 
MIEX resin. Since the model was developed in non-steady-state form, it can handle 
transients, such as changes in the influent solute concentration and changes to the 
regeneration ratio, although these aspects were not explored in this work. The model was 
used to predict the time-varying, effluent concentration of total DOC (i.e., C'/C0'). 
The validity of the model was evaluated by comparing model predictions to 
experimental data for the nine test conditions shown in Table 5.1. All simulations were run 
for six solids residence times, and the RTD was approximated using 80 particle age-classes. 
Figure 5.6 illustrates modeling results corresponding to Run 5 in Table 5.1 (the theoretical 
solids residence time was 100 min). Figure 5.6a shows the time-varying, relative effluent 
DOC concentration and its approach to steady-state. The shape of the concentration profile 
over the first few hundred minutes is a result of resin conditioning. At time equal to zero, all 
of the resin was fresh resin. As time progresses, a majority of the resin (i.e., 90%) remained 
in the system sorbing DOC, while the remaining fraction of resin (i.e., 10%) was removed 
and an equivalent amount of fresh resin was added. Therefore, DOC removal was greatest at 
start-up and then decreased to its steady-state value, which was achieved after approximately 
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300 minutes (i.e., three solids residence times). The average, steady-state, relative effluent 
concentration of total DOC was 0.39 ± 0.002. The small perturbations in the effluent 
concentration profile were due to the Monte Carlo approximation of the age distribution. 
Figure 5.6b shows the steady-state age distribution of resin particles in the contactor at the 
end of the simulation (histogram) and the fit of Equation (5.14) to the resin age data (solid 
line). It is clear that the age distribution of resin particles exhibits the expected exponential 
behavior of a CMFR, e.g., the best-fit solids residence time using Equation (5.14) of 102 min 
is in excellent agreement with the theoretical solids residence time of 100 min. 
Figure 5.7 illustrates the relatively good agreement between the model predictions 
and the observed pilot plant results. Due to the nature of the Monte Carlo simulation, the 
predicted, steady-state, effluent DOC concentration was calculated as the average 
concentration from three solids residence times to the end of the simulation. The 
corresponding coefficient of variation for the effluent DOC concentration was less than 0.6% 
for all simulations. The observed DOC concentrations were the average reported values, with 
error bars representing one standard deviation. As expected for extended pilot plant trials, the 
DOC concentration of the raw water varied over the course of the study, adding to 
experimental variability. In most cases, the model tends to show slightly better removal of 
DOC than was observed (although model predictions were usually within one standard 
deviation). Possible explanations include incomplete regeneration of the resin and 
competition by inorganic anions. The model correctly captures the impact of changes in the 
regeneration ratio and the volume fraction of MIEX resin in the contactor on DOC removal, 
as demonstrated in previous work by the authors (Boyer and Singer, 2006). For example, 
Figure 5.7 shows that the effluent DOC concentration increases (i.e., removal decreases) as 
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the regeneration ratio decreases (Runs 7–9). No data were available to compare the model 
predictions to the pilot plant performance during start-up conditions. 
 
 
 
 
FIGURE 5.6 Illustrative model simulation for NBA water: (a) time-varying, total 
concentration of DOC and (b) age distribution of resin particles in the contactor. 
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FIGURE 5.7 North Bay Aqueduct: comparison of steady-state model predictions and 
observed pilot plant data for various operating conditions (see Table 5.1). 
 
5.5.2.2 Durham 
In the previous section for North Bay Aqueduct water, it was shown that by using 
equilibrium and kinetic parameters estimated from batch laboratory experiments, Equation 
(5.17) could be used to predict the effluent DOC concentration from the CMFR. In the 
absence of batch kinetic data for Durham water, Dp,e was estimated by fitting Equation (5.17) 
to data from one of the continuous-flow pilot plant runs. As discussed previously, Dp,e was 
fitted to the removable fraction of DOC. Table 5.2 lists the test conditions used to fit Dp,e (see 
row marked with an asterisk). The model was run for six solids residence times, and the RTD 
was approximated using 80 particle age-classes. The results of this fitting exercise are 
illustrated in Figure 5.8. The figure shows good agreement between model predictions and 
experimental data, excluding the first data point at a solids residence time of 0.4. The less 
satisfactory agreement between the model and the first grab sample was most likely 
attributable to the resin being partially loaded with DOC at start-up (a result of maintaining a 
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constant resin inventory and switching between operating conditions for the different pilot 
plant runs). The best-fit Dp,e and Dl values are shown in Table 5.5. As discussed earlier, the 
free-liquid diffusivity for DOC in Durham water is in good agreement with reported values 
for aquatic NOM. 
Using the best-fit Dp,e value, Equation (5.17) was used to predict the relative effluent 
concentration of total DOC at four distinct operating conditions (see Table 5.2). Simulations 
were run for six solids residence times, and the RTD was approximated using 80 particle age-
classes. Figure 5.9 shows a comparison between the model predictions and observed data. 
The predicted steady-state effluent DOC concentration was calculated as the average 
concentration from three solids residence times to the end of the simulation. The observed 
DOC concentrations for the pilot plant runs were the average reported values, with the error 
bars representing one standard deviation. The Durham pilot plant study exhibited less 
variability in effluent DOC measurements, and achieved greater removal of DOC than the 
North Bay Aqueduct study, consistent with the higher KD value and lower fN value for 
Durham water. As was shown for North Bay Aqueduct water in the previous section, Figure 
5.9 shows reasonably good agreement between model predictions and observed data for 
Durham water. A paired student’s t-test was conducted to determine whether the model 
predictions, for both North Bay Aqueduct and Durham waters, were statistically different 
from the observed pilot plant data. The null hypothesis was that there was no difference 
between the observed data and model predictions. A P-value of 0.2867 and a 95% confidence 
interval of (-0.0209, 0.0647) were calculated using the hypothesis testing function in 
MATLAB; thus, the null hypothesis that there was no difference between pilot plant data and 
model predictions cannot be rejected. The preceding statistical analysis affirms the accuracy 
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of the two-scale model for predicting the effluent DOC concentration for a range of process 
operating conditions in two distinct raw waters. 
 
 
 
FIGURE 5.8 Continuous-flow model fit to Durham pilot plant data. 
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FIGURE 5.9 Durham: model predictions versus observed pilot plant data for various 
operating conditions (see Table 5.2). 
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5.6 CONCLUSIONS 
The objectives of this research were to formulate and apply a mathematical model to 
describe DOC removal by ion exchange in a CMFR with resin recycle and partial resin 
regeneration. The composite two-scale model consisted of a microscale model that described 
DOC transport via intraparticle pore diffusion and a macroscale model that described the 
continuous-flow, recycle reactor. Equilibrium and kinetic parameters were estimated from 
batch laboratory experiments conducted using MIEX resin and three raw drinking waters. A 
Monte Carlo approach was used to model multiple particle size- and particle age-classes of 
MIEX resin in the CMFR. Linear isotherms were fit to the equilibrium data, and the kinetics 
of DOC uptake were accurately described by intraparticle pore diffusion. The two-scale 
model was used to predict the time-varying effluent DOC concentration from the reactor and 
was validated by comparing model predictions with the results of two pilot-scale continuous-
flow studies. The model was found to successfully predict the effluent DOC concentration 
for multiple process operating conditions and two distinct raw waters. 
 
  
CHAPTER 6: REMOVAL OF DISSOLVED ORGANIC CARBON BY ANION 
EXCHANGE IN A COMPLETELY MIXED FLOW REACTOR: MODEL 
APPLICATIONS 
 
 
6.1 ABSTRACT 
A mathematical model describing removal of dissolved organic carbon (DOC) by 
anion exchange in a completely mixed flow reactor (CMFR) with resin recycle and partial 
resin regeneration was previously formulated and validated by the authors. The mathematical 
model was envisioned to serve as a tool to complement experimental studies and be used to 
investigate a range of treatment scenarios. The objective of this work was to use the 
mathematical model to investigate the relative effects of process operating parameters, resin 
properties, and DOC characteristics on process performance. Dimensional analysis and 
model simulations were used to evaluate the steady-state removal of DOC. Dimensional 
analysis illustrated that the resin regeneration ratio, resin concentration, and linear 
distribution coefficient greatly influenced process performance. Model simulations showed 
that the effective resin dose and solids residence time were master process operating 
variables that allowed for various treatment scenarios to be evaluated. 
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6.2 NOMENCLATURE 
c Microscale aqueous-phase solute concentration (M/L3)  
c  Dimensionless microscale aqueous-phase solute concentration 
C Bulk aqueous-phase solute concentration (M/L3) 
C  Dimensionless bulk aqueous-phase solute concentration 
C0 Influent aqueous-phase solute concentration (M/L3) 
Dp,e Effective pore diffusion coefficient (L2/T) 
fN Non-removable fraction of solute 
fR Resin regeneration ratio 
g(ta) Resin age exponential probability density function 
h(R) Resin size lognormal probability density function 
KD Linear distribution coefficient (L3/M) 
kfo First-order rate constant (1/T) 
Nage Number of resin age classes 
Nsize Number of resin size classes 
Q Volumetric flow rate (L3/T) 
r Radial distance from center of resin (L) 
r  Dimensionless radial distance 
R Resin radius (L) 
R  Dimensionless resin radius 
REV Expected value of resin radius from lognormal probability density function 
Rf Retardation factor 
t Time (T) 
t  Dimensionless time  
ta Resin age (T) 
V Volume of bulk fluid in reactor (L3) 
XERD Effective resin dose (L3/L3) 
XR Resin concentration in reactor (L3/L3) 
γ Dimensionless macroscale mass transfer modulus 
εp Resin porosity 
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θ Inverse of resin regeneration ratio 
λ Dimensionless microscale mass transfer modulus 
µR Mean of lognormal probability density function 
ρa Apparent resin density (M/L3) 
ρs Solid-phase resin density (M/L3) 
σR Standard deviation of lognormal probability density function 
2
Rσ  Variance of lognormal probability density function 
τH Hydraulic residence time (T) 
τS Solids residence time (T) 
  
 
6.3 INTRODUCTION 
Anion exchange treatment using a magnetic ion exchange (MIEX) resin has been 
previously shown to be very effective at removing dissolved organic carbon (DOC) from raw 
drinking waters, thereby lowering the subsequent chemical requirements for oxidation, 
coagulation, and disinfection (e.g., Singer and Bilyk, 2002; Fearing et al., 2004; Johnson and 
Singer, 2004; Boyer and Singer, 2005; Humbert et al., 2005; Boyer and Singer, 2006; Singer 
et al., 2007). In contrast to conventional anion exchange resins that are used to treat filtered 
water in a fixed-bed reactor, MIEX resin is designed to treat raw water using either a 
standard slurry reactor (Boyer and Singer, 2006) or a fluidized bed reactor (Singer et al., 
2008). The standard slurry reactor mixes anion exchange resin and raw water in a completely 
mixed flow reactor (CMFR). Resin and treated water are then separated in a clarifier, a 
majority of the resin is recycled back to the contactor, and the remaining fraction of resin is 
regenerated and an equivalent amount of fresh resin is added to the contactor. The fluidized 
bed reactor combines contact and separation of the resin and raw water into a single process. 
A majority of the resin remains in the fluidized bed reactor, a small fraction of resin is 
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withdrawn for regeneration, and an equivalent amount of fresh resin is added to the reactor. 
The fluidized bed reactor is similar to a suspended solids contact reactor, which has been 
previously modeled as a CMFR (Najm et al., 1993; Najm, 1996).  
A mathematical model was previously formulated and validated by the authors to 
describe anion exchange treatment in a CMFR (Boyer et al., 2008). The mathematical model 
was envisioned to be used as a tool to investigate DOC removal for a range of treatment 
scenarios and to inform decisions concerning process design and operation. Accordingly, the 
objective of this work was to evaluate the relative influence of process operating conditions, 
anion exchange resin properties, and DOC characteristics on process performance using the 
model developed by Boyer et al. (2008). Dimensional analysis was used to develop 
relationships among the various model parameters and to determine their effect on the 
effluent DOC concentration. Model simulations were conducted to evaluate DOC removal by 
MIEX resin in three raw drinking waters using the two reactor configurations discussed 
above.  
6.4 MODEL DEVELOPMENT 
6.4.1 Model Formulation 
A two-scale mathematical model that couples microscale removal of DOC by anion 
exchange with macroscale transport of the aqueous and solid phases in a CMFR was 
previously formulated (Boyer et al., 2008). The overall system included an aqueous phase 
containing DOC and a porous solid phase (i.e., anion exchange resin). The time-varying, bulk 
aqueous-phase solute concentration from a CMFR with resin recycle and partial resin 
regeneration is written as follows: 
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where C is the bulk aqueous-phase solute concentration, t is time, τH is the hydraulic 
residence time of the reactor, C0 is the influent aqueous-phase solute concentration, XR is the 
volume fraction of resin in the reactor, ρa is the apparent resin density, which is defined as 
the mass of solid-phase per volume of wet settled resin, εp is the resin porosity, Dp,e is the 
effective pore diffusion coefficient of the solute, ρs is the solid-phase density of the resin, ta is 
the resin age, R is the resin radius, c is the microscale aqueous-phase solute concentration, r 
is the radial distance from the center of the resin, h(R) is the resin size probability density 
function (PDF), and g(ta) is the resin age PDF (Boyer et al., 2008). Particle size data for 
MIEX resin was used to approximate the resin size PDF by defining discrete size bins that 
contained representative resin radii and corresponding mass fractions. The total number of 
resin size classes was defined as Nsize. In this work, the radius of the anion exchange resin 
was assumed to follow a lognormal PDF: 
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where µR and σR are the mean and standard deviation of ln(R), respectively. The size 
distribution of the resin was assumed to be time-invariant. The residence time distribution 
(RTD) of resin in an ideal CMFR and for the case of constant supply/removal of resin is 
defined by an exponential PDF: 
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where τS is the solids residence time of the reactor, which is equal to the total mass of solids 
in the reactor divided by the rate of addition/removal of solid phase. A Monte Carlo approach 
was used to model the age distribution of resin in the CMFR by dividing the total mass of 
resin in the system into a pre-determined number of resin age-classes (Nage). Each resin age 
class was subdivided to account for the time-invariant resin size distribution. The resulting 
system contained Nsize×Nage resin classes. The discrete representation of Equation (6.1) is 
presented as follows: 
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where h(R) was approximated as the mass fraction in each size class, and g(ta), which defines 
the mass fraction of resin replaced over a time increment, is equal to 1/Nage. 
The mass flux of solute from the bulk aqueous phase to the resin is the driving force 
for Equations (6.1) and (6.5). Consequently, a model is needed to describe the solute 
concentration at the microscale. The removal of DOC by a spherical, porous anion exchange 
resin was modeled by intraparticle pore diffusion with no external mass transfer resistance as 
follows: 
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where Rf is the retardation factor, which is equal to 1 + (ρs(1 – εp)KD)/εp, and KD is the linear 
distribution coefficient, which is based on the assumption of local linear equilibrium between 
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the microscale aqueous phase and the solid phase. The appropriateness of the linear 
equilibrium model is discussed by Boyer et al. (2008). The numerical implementation of 
Equations (6.1)–(6.9) following Boyer et al. (2008) will be referred to as the Monte Carlo 
model and will be discussed in a subsequent section. 
The parameters in Equations (6.1)–(6.9) are classified as process operating 
parameters, physical resin properties, DOC characteristics, and numerical parameters. The 
hydraulic residence time (τH), resin concentration (XR), and resin regeneration ratio (fR) are 
the key operating parameters used to control the performance of the continuous-flow anion 
exchange process. These parameters are defined as follows: τH is equal to the volume of bulk 
fluid in the reactor (V) divided by the volumetric flow rate (Q), XR is the volume of wet 
settled resin per volume of bulk fluid, i.e., the resin concentration in the reactor, and fR is the 
ratio of the rates of fresh resin to total resin entering the reactor system. The solids residence 
time (τS), which is equal to τH/fR, and the effective resin dose (XERD), which is equal to fR×XR, 
are two addition operating parameters. Physical properties of the resin include particle size, 
density, porosity, and tortuosity. DOC characteristics influence both the dynamic mass 
transfer of DOC and the equilibrium distribution of DOC between the aqueous and resin 
phases. The diffusive mass transfer of DOC through a porous solid phase is characterized by 
Dp,e, where Dp,e is equal to the free-liquid diffusion coefficient of the solute divided by the 
resin tortuosity. The equilibrium distribution of DOC between the microscale aqueous phase 
and solid phase is characterized by the retardation factor (Rf). In addition, a fraction of DOC 
may be non-removable by anion exchange (Fu and Symons, 1990; Boyer et al., 2008). Unless 
noted otherwise, the non-removable fraction of DOC is equal to zero, and the removable 
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fraction of DOC is assumed to behave as a single solute. Numerical parameters are discussed 
in a subsequent section. 
6.4.2 Dimensional Analysis 
The system of governing equations presented in the previous section were expressed 
in non-dimensional form to elucidate the relative effects of process operating parameters, 
resin properties, and DOC characteristics on process performance. The dimensional analysis 
was based on work by Crittenden et al. (1986) and Rabideau and Miller (1994). The non-
dimensional governing equations are presented as follows: 
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EVRRR /= ,                                                                                                                       (6.20) 
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where over-bars represent non-dimensional dependent and independent variables. Time was 
normalized by τS because the solids residence time accounts for both the hydraulic residence 
time and the resin regeneration ratio. The expected value of the resin radius (REV) is 
calculated as follows: 




+=
2
exp
2
R
REVR
σµ .                                                                                                       (6.21) 
For a uniform size resin, REV is equal to R.  
The non-dimensional analysis yielded four dimensionless groups: the inverse of the 
resin regeneration ratio (θ), the variance of the lognormal resin size PDF ( 2Rσ ), the 
macroscale mass transfer modulus (γ), and the microscale mass transfer modulus (λ), as 
shown in Table 6.1. The inverse of the resin regeneration ratio and the variance of the resin 
size distribution represent homogeneous model parameters, i.e., solely process operating 
parameters or physical resin properties, respectively. In contrast, the macroscale and 
microscale mass transfer moduli incorporate process operating parameters, resin properties, 
and DOC characteristics. The macroscale mass transfer modulus is derived from the 
macroscale mass balance expression (Equation (6.10)) and includes the resin concentration, 
solids residence time, resin radius, and intraparticle pore diffusion coefficient. The 
microscale mass transfer modulus is derived from the microscale mass balance expression 
(Equation (6.12)) and includes the solids residence time, resin radius, intraparticle pore 
diffusion coefficient, and retardation factor. 
 
  120
TABLE 6.1 Summary of Dimensionless Groups 
Group Defining equation Description 
θ 
RH
S
f
1
=
τ
τ
 
Rate of total resin entering system divided by rate of 
fresh resin entering system. 
γ 2
,
)()1(
3
EVsp
SeppaR
R
DX
ρε
τερ
−
 
Combination of process operating parameters, resin 
properties, and DOC characteristics. 
2
Rσ  Variance ln(R) Degree of resin size variability. 
λ 2
,
)( EVf
epS
RR
Dτ
 
Combination of process operating parameters, resin 
properties, and DOC characteristics. 
 
6.4.3 Steady-State Analysis 
An analytical solution for the bulk aqueous-phase solute concentration was derived 
by assuming the bulk solute concentration is at steady-state and 2Rσ  is equal to zero (i.e., 
uniform resin size). The analytical solution for Equations (6.6)–(6.9) is: 
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Taking the partial derivative of c with respect to r in Equation (6.22) and evaluating at r = R 
yields: 
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Equation (6.23) can be substituted into the steady-state, uniform resin size formulation of 
Equation (6.1), rearranged, and integrated with respect to resin age to yield the following 
expression: 
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where Equation (6.24) is written in terms of the dimensionless groupings θ, γ, and λ. Most 
importantly, Equation (6.24) can be rearranged to show that the XERD and τS are master 
process operating variables, i.e., any combination of XR, τH, and fR that have the same XERD 
and τS will yield the same DOC removal:                                   
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Continuous-flow pilot plant studies have also shown that process performance is controlled 
by XERD and τS (Boyer and Singer, 2006).   
6.4.4 First-Order Model of the Residence Time Distribution 
The analytical solution for the steady-state, bulk aqueous-phase solute concentration 
developed in the previous section is useful because it can be easily implemented for 
spreadsheet calculations. However, the analytical solution cannot predict the time-varying 
solute concentration nor can it account for anion exchange resin that varies in size. Although 
the Monte Carlo model predicts the non-steady-state solute concentration for multiple size 
and age classes of resin, numerical implementation of this model is computationally 
expensive. Therefore, a single effective microscale diffusion equation was formulated as a 
replacement for the Nage microscale diffusion equations used in the Monte Carlo approach. 
The effective diffusion equation was based on a first-order model of the RTD, i.e., each resin 
age class had the same probability of being removed from the reactor and replaced with fresh 
resin. The governing equations for the first-order RTD model are written as follows: 
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where kfo is the hypothetical first-order rate constant, and the initial and boundary conditions 
are the same as those for the Monte Carlo model. The advantage of implementing the first-
order RTD model is discussed in the next section. 
6.4.5 Numerical Methods  
All modeling work was done in MATLAB (The MathWorks, Natick, MA). A 
Galerkin finite element method was used to approximate the spatial derivatives. Cubic 
Lagrange polynomials were used for basis and test functions. Spatial nodes were chosen to 
yield equal volume cubic elements; nodes were spaced equidistant within each element. In 
Boyer et al. (2008), a Backward Euler method was used to approximate the temporal 
derivatives in the resulting system of ordinary differential equations (ODEs). In the first-
order RTD model, the system of ODEs was solved using ode15s in MATLAB, which is a 
multistep, variable-order solver based on numerical differentiation formulae. The Backward 
Euler method is first-order correct, whereas the maximum-order formula used by ode15s is 
fifth-order correct. In addition, the run time for the first-order RTD model was ~10 times 
faster than the run time for the Monte Carlo model. The governing equations were ordered to 
obtain a sparse, banded system, and were solved using a direct linear solver.  
The numerical parameters for the Monte Carlo model were as follows: 16 cubic 
elements to resolve the spatial domain, 28 size-classes to approximate the resin size 
distribution, and 80 age-classes to represent the resin age distribution (Boyer et al., 2008). 
The first-order RTD model was implemented using 16 cubic elements to resolve the spatial 
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domain and 20 size-classes to resolve the lognormal PDF for resin size. All simulations were 
run for 9 solids residence times. 
The model parameters used in this work are summarized in Table 6.2. Resin porosity 
and resin density were constant for all simulations. The dimensionless groups, θ, γ, 2Rσ , and 
λ, were systematically varied by changing XR, τH, τS, µR, σR, Dp,e, and Rf. The range of values 
used for the dimensionless groups are listed in Table 6.2. The default simulation conditions 
were θ = 50, γ = 9, 2Rσ  = 0.5, and λ = 0.025, corresponding to XR = 20 mL/L, τH = 20 min, τS 
= 1000 min, µR = -4.6, σR = 5.0 , Dp,e = 8.3×10-11 m2/s, and Rf = 12000 (i.e., KD = 27.5 L/g). 
The parameter values were based on previous work by the authors (Boyer and Singer, 2006; 
Boyer et al., 2008), and are discussed in the subsequent section.  
Both the analytical series solution for the dimensionless, steady-state, bulk aqueous-
phase solute concentration (i.e., Equation (6.24)) and the solution of the first-order RTD 
model for the dimensionless, time-varying, bulk aqueous-phase solute concentration were in 
agreement with the Monte Carlo model as shown in Figures 6.1 and 6.2, respectively. For the 
first-order RTD model, it was determined that kfo was equal to 1/τS, as might be expected. 
The first-order RTD model was used for all subsequent simulations due to its improved 
computational accuracy and speed. 
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TABLE 6.2 Model Parameters Used for Simulations 
Parameter Value 
Physical properties of MIEX resin 
εp 0.77 
ρs (g solid/cm3 solid) 1.47 
ρa (g solid/cm3 wet settled resin) 0.22 
Range of values used for simulations 
θ 1×100–1×103 
γ 4.5×10-1–1.8×102
2
Rσ  0–4 
λ 6×10-4–1.6×100 
 
 
 
FIGURE 6.1 Agreement between analytical solution and Monte Carlo model. 
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FIGURE 6.2 Agreement between first-order RTD model (solid lines) and Monte Carlo 
model (open circles). 
 
6.5 RESULTS AND DISCUSSION 
6.5.1 Effect of Dimensionless Groupings on Process Performance 
Sensitivity analyses were conducted to determine the relative effect of the 
dimensionless groupings on process performance, where process performance was assessed 
by evaluating the steady-state DOC concentration. Each dimensionless group was varied over 
the range shown in Table 6.2, while the remaining dimensionless groups were set equal to 
their default value. A total of 384 simulations were conducted.  
The effect of the inverse of the resin regeneration ratio, θ, on process performance is 
illustrated in Figure 6.3. The resin regeneration ratio (fR), by definition, is bound between 0 
and 1, meaning that θ varies between 1 and infinity. For example, at fR = 0 (θ = infinity), 
there is no resin regeneration and the resin is continuously recycled. Eventually, the resin 
capacity is exhausted and the effluent solute concentration is equal to the influent solute 
concentration (i.e., C/C0 approaches unity as θ approaches infinity). At fR = 1 (θ = 1), there is 
100% resin regeneration, i.e., τS is equal to τH, and the dimensionless solute concentration 
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will be at a minimum. Figure 6.3 shows that the dimensionless, steady-state effluent solute 
concentration increases exponentially as θ increases, i.e., DOC removal decreases as the resin 
regeneration ratio decreases, which is expected based on the above discussion. For the 
standard slurry reactor, fR typically varies from 0.01 to 0.2 (i.e., θ = 5–100), which 
corresponds to 38–92% DOC removal at the default simulation conditions for γ, 2Rσ , and λ. 
Hence, the resin regeneration ratio, as expected, has a substantial impact on DOC removal. 
The effects of γ, 2Rσ , and λ on process performance are also illustrated in Figure 6.3. For 
example, at θ = 50, a two-fold increase in γ decreases C/C0 by a factor of 0.65, whereas a 
two-fold increase in λ increases C/C0 by a factor of 1.3. The response of C/C0 to the 
macroscale and microscale mass transfer moduli suggests that their impact on process 
performance is similar in magnitude but opposite in direction. Assuming an anion exchange 
resin of uniform size results in a slight increase in the dimensionless solute concentration 
compared to an anion exchange resin of variable size (i.e., 2Rσ  = 0.5). 
The impact of the macroscale mass transfer modulus, γ, on process performance is 
illustrated in Figure 6.4, in a similar manner as Figure 6.3. The solute concentration is shown 
to decrease exponentially as γ increases. The macroscale mass transfer modulus increases 
under the following conditions: increasing concentration of anion exchange resin, increasing 
solids residence time, decreasing resin radius, and increasing rate of diffusive mass transfer. 
However, because θ and λ have been kept constant at the default simulation conditions 
shown in Figure 6.4, the solids residence time, resin radius, and pore diffusion coefficient 
cannot be adjusted to increase γ without impacting other model parameters. Therefore, in the 
mathematical model and in practice, γ is increased by increasing the anion exchange resin 
concentration in the reactor. For anion exchange treatment in a standard slurry reactor, XR 
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varies from 10 to 40 mL/L (i.e., γ = 4.5–18), which corresponds to 38–71% DOC removal at 
the default simulation conditions. Figure 6.4 also shows that at constant γ, increasing θ or λ 
by a factor of 2 results in a similar increase in the solute concentration, and assuming an 
anion exchange resin of uniform size results in a slight increase in the solute concentration. 
This is expected based on the results presented in Figure 6.3.   
The effect of the variability of the resin size distribution, 2Rσ , on process performance 
is illustrated in Figure 6.5. The expected value (i.e., arithmetic mean) of the resin radius was 
kept constant for all simulations. Figure 6.5 shows that the solute concentration decreases as 
the variance of the lognormal resin size distribution increases, i.e., for a constant REV, 
neglecting the variance in resin size results in a lower predicted DOC removal than the actual 
DOC removal achieved. Figure 6.5 also shows that at constant 2Rσ , increasing θ or λ by a 
factor of 2 results in a similar increase in the solute concentration, whereas increasing γ by a 
factor of 2 results in a decrease of similar magnitude in the solute concentration. 
The impact of the microscale mass transfer modulus, λ, on process performance is 
illustrated in Figure 6.6, and shows that the solute concentration increases (DOC removal 
decreases) exponentially as λ increases. The microscale mass transfer modulus increases as 
the solids residence time increases, the resin radius decreases, the rate of diffusive mass 
transfer increases, and the retardation factor decreases. Similar to the macroscale mass 
transfer modulus, the microscale mass transfer modulus cannot be changed by adjusting τS, 
REV, or Dp,e without causing a change in the other model parameters. Instead, in both the 
model and in practice, the microscale mass transfer modulus is predominantly influenced by 
the retardation factor, which in turn is a function of the linear distribution coefficient, KD. For 
DOC removal from the three raw drinking waters analyzed by Boyer et al. (2008), KD was 
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found to vary from 11.9 to 66.3 L/g (i.e., λ = 0.010–0.057), which corresponds to 40–69% 
DOC removal at the default simulation conditions. Figure 6.6 also shows that increasing θ 
and γ by a factor of 2 had opposing effects of similar magnitude on process performance. 
There was little difference in the solute concentration for changes in 2Rσ  from 0 and 0.5.  
The relative effect of the dimensionless groupings on the time-varying solute 
concentration was also evaluated (results not shown), and it was determined that the transient 
results follow the same trends as the steady-state results. In summary, the resin regeneration 
ratio, resin concentration, and linear distribution coefficient were shown to have a substantial 
impact on the removal of DOC by anion exchange treatment in a CMFR with resin recycle 
and partial resin regeneration. 
 
 
 
FIGURE 6.3 Influence of the inverse of the resin regeneration ratio on steady-state process 
performance. 
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FIGURE 6.4 Influence of the macroscale mass transfer modulus on steady-state process 
performance. 
 
 
FIGURE 6.5 Influence of resin size variability on steady-state process performance. 
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FIGURE 6.6 Influence of the microscale mass transfer modulus on steady-state process 
performance.  
 
6.5.2 Nonlinear Regression Analysis 
A nonlinear regression model was developed to predict the steady-state DOC 
concentration based on the dimensionless groups in the previous section. The individual 
behavior of each dimensionless group was used as a starting point for the regression model. 
Binary interaction terms for θ, γ, and λ were also added to the model to improve its predictive 
accuracy. The final form of the regression model is as follows: 
γλβθλβθγβλβ
λβ
σβγβ
θβ
θβ ββ
11109
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72
53
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0
64 )(1 −−−
+
−−−
+
−= RC
C ,                            (6.28) 
where C/C0 is the normalized steady-state DOC concentration and the parameter values, β1–
β11, were determined using a nonlinear least squares fit between the regression model and the 
simulation data presented in Figures 6.3–6.6. Estimates of the parameter values and 95% 
confidence intervals on the parameter estimates are listed in Table 6.3. The agreement 
between the regression model and simulation data is illustrated in Figure 6.7. The regression 
model is seen to accurately predict the steady-state DOC concentration over a realistic range 
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of DOC removal (i.e., 50–80%). Therefore, the regression model represented by Equation 
(6.28) can be used to evaluate treatment scenarios for a range of process operating 
conditions, resin properties, and DOC characteristics. 
 
TABLE 6.3 Regression Model Parameters 
βi Value Confidence interval 
1 -9.00×10-1 (-9.34×10-1, -8.66×10-1)
2 4.51×101 (4.07×101, 4.96×101) 
3 9.61×10-1 (9.33×10-1, 9.90×10-1) 
4 1.46×10-1 (1.40×10-1, 1.52×10-1) 
5 7.63×10-2 (6.36×10-2, 8.91×10-2) 
6 5.46×10-1 (4.04×10-1, 6.87×10-1) 
7 -7.20×10-1 (-7.49×10-1, -6.92×10-1)
8 2.51×10-2 (2.22×10-2, 2.80×10-2) 
9 -1.11×10-5 (-1.45×10-5, -7.68×10-6)
10 1.09×10-3 (5.34×10-4, 1.65×10-3) 
11 -1.56×10-2 (-1.86×10-2, -1.26×10-2)
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FIGURE 6.7 Agreement between regression model and simulation data. 
 
6.5.3 Model Application to MIEX Treatment 
Removal of DOC by MIEX resin in three raw drinking waters and for two reactor 
configurations was examined using the mathematical model. The density and porosity of 
MIEX resin are listed in Table 6.2. The arithmetic mean radius and standard deviation of 
MIEX resin are 0.01096 cm and 0.00686 cm (Orica Watercare), respectively, and the 
corresponding mean and variance for the lognormal distribution are µR = -4.7 and 2Rσ  = 0.33. 
The DOC characteristics of the three waters are given in Table 6.4 (see Boyer et al., 2008). 
The total DOC concentration in the waters includes a DOC fraction that is non-removable by 
anion exchange. The two reactor configurations evaluated were a standard slurry reactor and 
a fluidized bed reactor. Typical values of the operating parameters for the two reactor 
configurations are listed in Table 6.5 (see Boyer and Singer, 2006; Singer et al, 2008). The 
fluidized bed reactor can operate at higher hydraulic loading rates (i.e., lower τH) and lower 
resin regeneration ratios than the standard slurry reactor. The fluidized bed reactor, however, 
requires a greater resin inventory than the standard slurry reactor. The ideal process 
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configuration would maximize the hydraulic loading rate and minimize the resin 
concentration and resin regeneration ratio.  
The effective resin dose (XERD) and solids residence time (τS) are useful parameters 
because they encompass τH, XR, and fR, and they can be used to analyze and compare the two 
reactor configurations for treating different raw waters. The total fraction of DOC removed 
as a function of the XERD and τS for (a) Sweetwater Lake, CA, (b) North Bay Aqueduct, CA, 
and (c) Durham, NC, is shown in Figure 6.8. For all three waters, removal of DOC increases 
as the XERD or the τS (or both) increases, although the XERD has a greater impact on DOC 
removal than does τS. These results are consistent with the dimensional analysis presented 
earlier, e.g., the XERD is inversely proportional to θ and directly proportional to γ and, as was 
shown in Figures 6.3 and 6.4, DOC removal increases as θ decreases and γ increases. The 
order of DOC removal was as follows: Durham > North Bay Aqueduct > Sweetwater Lake. 
In addition, DOC removal approaches 1 – fN as the XERD and τS increase, i.e., nearly complete 
uptake of the DOC fraction that is removable by anion exchange. The substantial removal of 
DOC in Durham and North Bay Aqueduct waters and the poor removal of DOC in 
Sweetwater Lake water are consistent with the characteristics of the raw waters (see Boyer 
and Singer, 2005; 2006; Boyer et al., 2008).   
Process operating parameters and reactor configurations for various targeted levels of 
DOC removal can be selected based on the results in Figure 6.8. Isopleths for XERD-τS 
combinations that achieve 50% DOC removal for Sweetwater Lake, North Bay Aqueduct, 
and Durham waters are presented in Figure 6.9. Similar curves can be developed for other 
target levels of DOC removal.  
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Process operating conditions for the standard slurry reactor and the fluidized bed 
reactor that achieve 50% DOC removal for the three waters are listed in Table 6.6. The 
operating conditions were determined as follows: various combinations of τS and XERD were 
extracted from Figure 6.9, τH was chosen based on typical reactor operations (see Table 6.5), 
and fR and XR were calculated as shown. High resin regeneration ratios and unrealistic resin 
concentrations were required for both reactor configurations for Sweetwater Lake, as shown 
in Table 6.6. The only way to decrease the resin concentration and achieve the same degree 
of DOC removal for a fixed reactor volume is to increase the resin regeneration ratio. 
However, the resin regeneration ratios required to treat Sweetwater Lake are already quite 
high. Therefore, Sweetwater Lake is not a likely candidate for MIEX resin treatment based 
on this modeling analysis.  
Both the standard slurry reactor and the fluidized bed reactor can be operated under 
realistic conditions to achieve the target DOC removal for North Bay Aqueduct (see Tables 
6.5 and 6.6). The choice of the reactor configuration, in this case, is strongly influenced by 
site-specific considerations. For example, the fluidized bed reactor has a hydraulic loading 
four times greater than the standard slurry reactor. The standard slurry reactor, however, 
requires one-eighth to one-half of the total volume of resin compared to the fluidized bed 
reactor, depending on whether the processes are operated at equal volumetric flow rates or 
equal reactor volumes. In addition, the resin regeneration ratios for the two reactor 
configurations vary by more than a factor of 10. The amount of waste brine generated due to 
regeneration of the resin is directly proportional to the resin regeneration ratio, and disposal 
of waste brine can sometimes be a limiting factor for this process. Consequently, the choice 
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of reactor configuration is a trade-off between capital costs, operating costs, and other 
potential constraints, such as waste brine disposal. 
Low resin regeneration ratios and low resin concentrations can be used for both 
reactor configurations for Durham, as shown in Table 6.6. In practice, the resin regeneration 
ratios are at their lower limit and the resin concentrations are actually too low to allow for the 
effective resin sedimentation rates that are need for these processes. The low resin 
concentrations and regeneration ratios suggest that much higher removals of DOC are 
achievable for Durham. Process operating conditions for Durham that correspond to 60, 70, 
and 80% DOC removal by MIEX resin are listed in Table 6.7. The results show that the 
standard slurry reactor can be operated under typical conditions (see Table 6.5) and achieve 
substantial DOC removal. In addition, the fluidized bed reactor is a viable option for 80% 
DOC removal.  
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TABLE 6.4 DOC Characteristics of Selected Raw Drinking Waters (after Boyer et al., 
2008)  
Water Dp,e (m2/s) KD (L/g) fNa 
Sweetwater Lake, CA 0.53×10-10 11.9 0.42
Durham, NC 0.38×10-10 27.5 0.15
North Bay Aqueduct, CA 3.3×10-10 66.3 0.10
aFraction of DOC non-removable by anion exchange. 
 
 
TABLE 6.5 Summary of Typical Process Operating Conditions for Different Reactor 
Configurations 
Process configuration τH (min) XR (mL/L) fR 
Standard slurry reactora 20 10–40  0.01–0.20 
Fluidized bed reactorb 5 200–300 0.003–0.005
aBoyer and Singer, 2006. bSinger et al., 2008. 
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FIGURE 6.8 Fraction of DOC removed by MIEX resin as a function of the effective resin 
dose and solids residence time for (a) Sweetwater Lake, (b) North Bay Aqueduct, and (c) 
Durham waters. 
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FIGURE 6.9 Isopleths illustrating combinations of effective resin dose and solids residence 
time needed to achieve 50% removal of DOC by MIEX resin. 
 
 
TABLE 6.6 Process Operating Conditions to Achieve 50% DOC Removal by MIEX Resin 
Water τS (min) XERD (mL/L) τH (min) fR = τH/τS XR (mL/L) = XERD/fR
Standard slurry reactor 
Sweetwater Lake 160 7.7 20 0.125 59 
North Bay Aqueduct 500 0.8 20 0.04 20 
Durham 2000 0.1 20 0.01 10 
Fluidized bed reactor 
Sweetwater Lake 1000 4.3 5 0.005 860 
North Bay Aqueduct 1600 0.5 5 0.003 167 
Durham 2000 0.1 5 0.0025 50 
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TABLE 6.7 Summary of Process Operating Parameters for Different Degrees of DOC 
Removal for Durham 
% DOC removal τS (min) XERD (mL/L) τH (min) fR = τH/τS XR (mL/L) = XERD/fR
Standard slurry reactor 
60 2000 0.20 20 0.010 20 
70 1000 0.40 20 0.020 20 
80 300 1.4 20 0.067 21 
Fluidized bed reactor 
60 2000 0.20 5 0.0025 80 
70 2000 0.35 5 0.0025 142 
80 1250 0.90 5 0.0040 227 
  
6.6 CONCLUSIONS 
A mathematical model that describes the removal of DOC by anion exchange in a 
CMFR with resin recycle and partial resin regeneration was previously formulated and 
validated. The objective of this work was to use the mathematical model to evaluate the 
relative influence of process operating parameters, resin properties, and DOC characteristics 
on the steady-state removal of DOC. Dimensional analysis showed that the resin regeneration 
ratio, resin concentration, and linear distribution coefficient had a substantial impact on DOC 
removal. In addition, model simulations were conducted to evaluate DOC removal by anion 
exchange treatment for three raw drinking waters and two reactor configurations. The 
simulations illustrated that the effective resin dose and solids residence time are master 
process operating variables that allow for various treatment scenarios to be evaluated. 
 
 
  
CHAPTER 7: CONCLUSIONS 
 
 
7.1 CONCLUSIONS 
This dissertation presents a unified framework for understanding the removal of 
natural organic matter (NOM) by anion exchange treatment. The objectives of this research 
were to: elucidate the interactions between NOM, inorganic anions, and anion exchange 
resins as they relate to the removal of NOM by anion exchange; evaluate anion exchange 
treatment on a continuous-flow, pilot-scale basis and compare the findings to batch treatment 
results; and formulate a mathematical model to describe NOM removal by anion exchange 
treatment in a completely mixed flow reactor (CMFR) and use the model to aid in evaluating 
various treatment scenarios. The objectives of this research were accomplished using 
multiscale experimentation (i.e., varying the experimental scale, flow regime, and test water) 
and mathematical modeling. 
Bench-scale batch equilibrium experiments were conducted to probe the interactions 
between NOM, inorganic anions, and anion exchange resins. Synthetic model waters 
containing well-characterized aquatic NOM isolates and select inorganic anions were used in 
all experiments. The NOM isolates included terrestrial, microbial, and intermediate humic 
substances and transphilic acids. Five commercially available anion exchange resins, 
including a magnetic ion exchange (MIEX) resin, were evaluated.  
NOM was clearly removed by ion exchange for all combinations of anion exchange 
resins and NOM isolates. Nevertheless, differences among the anion exchange resins and 
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NOM isolates did influence the effectiveness of anion exchange treatment. In particular, the 
polyacrylic resins exhibited greater removal of dissolved organic carbon (DOC) than the 
polystyrene resins. The hindered removal of DOC by the polystyrene resins was 
hypothesized to be a result of size exclusion. In addition, MIEX resin, which is a 
magnetically enhanced polyacrylic resin, performed similarly to two conventional 
polyacrylic resins. NOM properties, such as charge density, aromatic and aliphatic carbon 
content, molecular weight, specific ultraviolet absorbance at 254 nm (SUVA254), and 
nitrogen content, were also related to anion exchange treatment. MIEX resin had the greatest 
affinity for NOM isolates that were characterized by high charge density and the least affinity 
for NOM isolates that were characterized by low charge density and low aromaticity. Finally, 
MIEX resin had a greater affinity for NOM compared with bicarbonate, bromide, chloride, 
and nitrate, whereas the affinity of MIEX resin for sulfate was greater than or equal to its 
affinity for NOM.  
Continuous-flow pilot-scale tests were conducted to confirm the results of previous 
batch experiments that showed that MIEX resin treatment was an effective process for 
removing NOM from raw drinking waters. Process performance was evaluated for various 
raw water characteristics and process operating parameters. A local raw drinking water that 
had a SUVA254 of 2.7 to 4.4 L/mg·m and an alkalinity of <27 mg/L as CaCO3 was used as 
the test water. The raw water was also amended with bromide, chloride, and sulfate to 
investigate interactions between NOM and inorganic anions. The effective resin dose (ERD), 
which is the product of the steady-state MIEX resin concentration in the reactor and the resin 
regeneration ratio, was found to be the most important operating parameter. The ERD 
allowed process performance to be related to process operation, i.e., substantial removal of 
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DOC was achieved at much lower ERDs than have been previously tested. Moderate 
bromide removal was achieved when the background raw water was spiked to 200 µg/L 
bromide, and a decrease in DOC removal was observed when the raw water was spiked with 
50 mg/L of sulfate. Most notably, consistent results were observed between the continuous-
flow pilot-scale tests and batch equilibrium experiments.  
A mathematical model was developed to describe the removal of DOC by anion 
exchange resin in a CMFR based upon insights gained from the continuous-flow pilot-scale 
study. The composite two-scale model consisted of a microscale model that described DOC 
uptake by intraparticle pore diffusion and a macroscale model that described a CMFR with 
recycle and partial regeneration of anion exchange resin. Equilibrium and kinetic parameters 
for the model were estimated from batch experiments using several raw drinking waters and 
MIEX resin. The model was validated using experimental data from two continuous-flow 
pilot-scale studies. The model successfully predicted the steady-state DOC concentration for 
these two distinct raw waters and for a range of process operating conditions. The results of 
subsequent dimensional analysis and model simulations illustrated that the ERD and solids 
residence time (SRT) were master process operating parameters. Model simulations using the 
ERD and SRT were able to demonstrate how the reactor configuration and corresponding 
process operating parameters can be modified to achieve various target levels of DOC 
removal.  
7.2 IMPLICATIONS OF FINDINGS 
The analysis of NOM removal by anion exchange treatment using both natural raw 
drinking waters and synthetic waters is the most important contribution of this work. 
However, understanding the efficacy of anion exchange treatment based on NOM properties 
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and water quality requires additional interpretation of the results presented in this 
dissertation. The removal of DOC by MIEX resin in numerous natural raw drinking waters 
was previously shown to increase as SUVA254 increases and alkalinity decreases (Singer and 
Bilyk, 2002; Boyer and Singer, 2005). The SUVA254 and alkalinity of natural waters are 
simple measurements that are used as surrogates for the NOM and the ionic content of raw 
water, respectively. For example, natural raw waters with high SUVA254 (>3 L/mg·m) tend to 
be enriched in hydrophobic acidic NOM, whereas natural raw waters with low SUVA254 (<2 
L/mg·m) tend to have a greater proportion of hydrophilic NOM, including hydrophilic 
neutrals and bases that are not amenable to removal by anion exchange. In addition, natural 
raw waters with a low alkalinity (<30 mg/L as CaCO3) typically have a low concentration of 
inorganic anions, such as chloride and sulfate. Therefore, SUVA254 and alkalinity provide a 
first approximation for predicting the performance of anion exchange treatment. 
Synthetic waters were used to elucidate the chemistry of NOM removal by anion 
exchange treatment. The synthetic waters contained individual isolates of a variety of aquatic 
NOM and select inorganic anions. The NOM isolates were operationally defined as 
transphilic acids, hydrophobic acids, and fulvic acids based on the XAD-8/XAD-4 resin 
fractionation procedure. No hydrophilic, neutral, or base fractions of NOM were 
investigated.  
The key results from the anion exchange treatment studies using the synthetic waters 
were as follows: ion exchange was shown to be the mechanism of removal of NOM by anion 
exchange resins; NOM removal by MIEX resin was shown to be strongly and positively 
correlated with the carboxyl acidity of NOM and, to a lesser extent, positively correlated with 
the aromaticity of NOM; and MIEX resin had a greater affinity for NOM compared with 
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bicarbonate, bromide, chloride, and nitrate, whereas the affinity of MIEX resin for sulfate 
was greater than or equal to its affinity for NOM. These results demonstrate that NOM 
removal by anion exchange treatment is most effective in natural waters that have acidic 
NOM and a low concentration of sulfate. However, anion exchange treatment was previously 
shown to be most effective in natural waters with high SUVA254 and low alkalinity. 
Therefore, a final integrated analysis of carboxyl acidity, sulfate, SUVA254, and alkalinity is 
required to forecast the broad-scale applicability of anion exchange treatment for the removal 
of NOM from different types of waters. 
Reconciling the SUVA254 of natural water with the carboxyl acidity of NOM is 
important because SUVA254 is easier to measure than carboxyl acidity, and therefore 
SUVA254 values are widely reported for many drinking water sources. Natural waters with 
high SUVA254 tend to be enriched in hydrophobic acids, while waters with low SUVA254 
tend to be enriched in hydrophilic material. The carboxyl acidity of NOM increases as 
follows: hydrophobic acids < transphilic acids < hydrophilic acids. These results suggest a 
possible contradiction between increased removal of NOM by anion exchange with 
increasing SUVA254 of natural waters and increasing carboxyl acidity of NOM in synthetic 
waters. The apparent contradiction between SUVA254 and carboxyl acidity can be explained 
by examining the composition of natural waters with low SUVA254. Low SUVA254 waters are 
enriched in the following constituents: hydrophilic, neutral, and base fractions of NOM and 
dissolved inorganic anions (Leenheer et al., 2004). The neutral and base fractions of NOM 
are not removable by anion exchange. In addition, high concentrations of inorganic anions 
have been shown to adversely affect NOM removal by anion exchange treatment. Therefore, 
natural waters with high SUVA254 can be assumed to have high proportions of acidic NOM 
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and low concentrations of inorganic anions. These conditions are favorable for NOM 
removal by anion exchange, and therefore would appear to integrate carboxyl acidity, 
SUVA254, sulfate, and alkalinity into a conceptually consistent picture with respect to NOM 
removal by anion exchange. 
Finally, the broad-scale implications of anion exchange treatment for removal of 
NOM are illustrated using the southeastern and western United States (US) as model regions. 
Surface waters in the southeastern US are typically characterized by relatively high SUVA254 
values (~3–4 L/mg·m), low alkalinity, and low concentrations of inorganic anions. The NOM 
is predominantly derived from the breakdown of terrestrial plants, and is enriched in 
carboxylic acids and aromatic carbon. As a result, anion exchange treatment is expected to be 
very effective for NOM removal. In contrast to the southeastern US, many surface waters in 
the western US are generally characterized by low SUVA254 values (<2 L/mg·m), high 
alkalinity, and high concentrations of inorganic anions. The NOM in these surface waters is 
derived as byproducts of bacteria, algae, and aquatic plants, and is typified by low carboxyl 
acidity and low aromaticity. Consequently, NOM removal by anion exchange treatment is 
not likely to be as effective.  
In summary, SUVA254, alkalinity, and total dissolved solids are easily measured 
properties of natural waters, their relationship to NOM removal by anion exchange is 
understood, and they can be used to predict the efficacy of NOM removal by anion exchange 
treatment. 
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 25 
 
 
TABLE A1 Results for WA-MIEX Ion Exchange Experiment Using SRFA I Model Water 
WA-MIEX (g/L) pH DOC (mg C/L) Bicarbonate (meq/L) Chloride (meq/L)
0 7.83 9.7 0.47 0.015 
0.11 8.53 9.7 0.50 0.015 
0.41 9.42 9.7 0.47 0.016 
 
 
TABLE A2 Fractional Uptake of DOC 
Resin )HCO  DOC/(DOC 3
−∆+∆∆ a
IRA910 0.14–0.15 
A-641 0.24–0.29 
MIEX 0.36–0.84 
Macro-T 0.39–0.75 
IRA958 0.33–0.64 
a Corresponds to results in Figure 2.3. 
 
 
TABLE A3 Impact of Resin Structure on Removal of DOC and Bicarbonate 
Resin DOC removal (%)a, b Bicarbonate removal (%)a, c 
IRA910 24 35 
A-641 39 33 
MIEX 87 36 
a Percent removal interpolated at a resin dose of 0.3 meq/L. 
b Based on data in Figure 2.4a. c Based on data in Figure 2.4b. 
 
                                                
5
 Reproduced with permission from Boyer, T.H., Singer, P.C., 2008. Stoichiometry of 
removal of natural organic matter by ion exchange. Environmental Science & Technology 42, 
608–613. doi: 10.1021/es071940n. Copyright 2008 American Chemical Society. 
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FIGURE A1 Impact of resin structure on treated water SUVA254; Figure 2.4a shows 
corresponding DOC removal. Solid symbols show polystyrene resins (A-641 and IRA910); 
open symbols show polyacrylic resins (MIEX, Macro-T, and IRA958). All SUVA254 values 
are normalized by initial SUVA254 of SRFA I model water (SUVA254,0 = 4.0 L/mg·m). 
 
 
 
 
FIGURE A2 Separation factors as a function of resin loading; Figure 2.5 shows 
corresponding binary isotherm results. 
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 36 
 
 
To quantify the equivalency of anion exchange, the relative difference (RD) between 
chloride release and DOC plus bicarbonate uptake was calculated as follows:  
2DOC)  HCO  Cl(
DOC)  HCO(  Cl
  RD
3
3
/∆+∆+∆
∆+∆−∆
=
−−
−−
,                                                                                   (B1) 
where −∆Cl  is the equilibrium chloride concentration minus the initial chloride concentration 
and −∆ 3HCO  and ∆DOC are the initial concentration minus the equilibrium concentration. A 
RD of zero indicates perfect agreement between the experimental data and the theoretical y = 
x line, whereas a RD of significantly less than zero suggests the possibility of DOM removal 
via hydrophobic sorption.  Figure B1 examines the RD of the DOM isolates using box and 
whisker plots. The median RD for the terrestrial, intermediate, microbial, and TPIA isolates 
were -1.1%, 2.6%, 13%, and 0.3%, respectively. These RD values indicate very good 
agreement between the experimental data and the theoretical y = x line, and suggest no role 
of hydrophobic sorption in the uptake of DOM by the resin. The cause of the positive bias in 
the median RD for the microbial isolates is unclear. The variability of the data was assessed 
by examining the interquartile range. The terrestrially derived isolates exhibited the least 
variability (5%), although there were two outlier data points. The interquartile ranges for the 
intermediate, microbial, and TPIA isolates were ~11%. 
                                                
6
 Reproduced with permission from Environmental Science & Technology, submitted for 
publication. Unpublished work copyright 2008 American Chemical Society. 
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FIGURE B1 Box and whisker plots illustrating the relative difference (RD) between 
chloride release from MIEX resin and DOC plus bicarbonate uptake for different types of 
DOM. N is the number of data points. The horizontal bar within the box indicates the median 
value; the upper and lower boundaries of the box indicate the upper and lower quartile (i.e., 
interquartile range), respectively; the whiskers are a maximum of 1.5 times the interquartile 
range; outlier values are indicated by a plus symbol. Box and whisker plots were created 
using MATLAB. 
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TABLE B1 Sources of Aquatic DOM Isolates Used to Study Anion Exchange Uptake by 
MIEX Resin 
 
Sample Location 
Coal Creek (CCFA) Drains the Flattops Wilderness Area, Coloradoa. 
Florida Everglades Site F1 
(EF1FA, EF1HPOA, and 
EF1TPIA) 
Eutrophied marshland located in Water Conservation 
Area 2A in the Northern Florida Evergladesa. 
Fort Lauderdale, FL (FtLHPOA 
and FtLTPIA) 
Groundwater intake to Five Ash Treatment Plant in Ft. 
Lauderdale, FL. 
Pony Lake (PLFA) Shallow pond in Cape Royds, Antarcticab. 
Pacific Ocean (POFA) Sample collected from a depth of 800 ft (February 1986) 
about 170 km south by south-west of Honolulu, 
Hawaiic. 
Suwannee River (SRFA) Drains the Okeefenokee Swamp, Georgiad. 
Williams Lake (WLHPOA) Seepage Lake in north-central Minnesotaa. 
a Waples et al., 2005. b McKnight et al., 1994. c Malcolm, 1990. d International Humic 
Substances Society (IHSS). 
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TABLE B4 DOC Removal at Resin/C0 = 1a  
 
Sample DOC removal (%) 
FtLTPIA 78 
EF1TPIA 65 
CCFA 65 
SRFA 64 
EF1FA 61 
EF1HPOA * 
FtLHPOA 61 
PLFA 58 
POFA 56 
WLHPOA 54 
a Resin is MIEX resin dose (meq/L) and C0 is initial 
DOC concentration (meq/L). * Not calculated due to 
poor agreement between duplicate samples at resin 
equal to ~0.1 meq/L.  
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